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RESUMO 
O zoneamento bioclimático para edificações é um elemento importante na definição de 
regulamentos e políticas de eficiência energética. Entretanto, não há consenso sobre a 
metodologia mais apropriada para sua definição. Esta falta de consenso é notável pela 
diversidade de abordagens adotadas em vários países do mundo, o que suscita críticas. Além 
disso, não existem procedimentos ou indicadores de desempenho que permitam validar um 
método de zoneamento bioclimático, dificultando a  seleção de métodos mais adequados para 
cada contexto. Este cenário pode comprometer a adoção de programas e políticas de 
eficiência energética derivadas de tais zoneamentos. Diante do exposto, este trabalho propõe 
um novo procedimento e um novo indicador de desempenho para validação de Zoneamento 
Bioclimático, baseado no uso intensivo de arquétipos, simulação termo-energética e sistemas 
de informação geográfica (SIG). O procedimento baseia-se no princípio de que duas regiões 
devem pertencer à mesma zona bioclimática, se o desempenho dos edifícios for semelhante 
em ambas as regiões, considerando um conjunto de edificações. O novo indicador de 
desempenho de zoneamento bioclimático, chamado Percentual Médio de Áreas Classificadas 
Incorretamente, foi aplicado a um estudo de caso em clima tropical (Nicarágua), por meio da 
análise de três dos métodos de zoneamento bioclimático mais comumente usados. Foram 
realizadas simulações termo-energéticas através do programa EnergyPlus para 328 
localidades na área de estudo. O indicador de desempenho adotado foi o número de horas de 
conforto térmico para Habitações de Interesse Social (HIS) naturalmente ventiladas. Foram 
utilizados sistemas de informação geográfica para delinear a analisar os zoneamentos 
resultantes. O estudo indica que o método de graus-dia apresenta o melhor resultado 
(Percentual Médio de Áreas Classificadas Incorretamente – 20% do território da Nicarágua), 
seguido da análise de agrupamento de dados (22% para mapa com 3 zonas e 32% para mapa 
com 4 zonas). Tais resultados levaram a uma proposta preliminar de um método de 
zoneamento bioclimático baseado na simulação, sistemas de informação geográfica e análises 
de agrupamento de dados. O método proposto apresentou resultados significativamente 
melhores quando comparado a métodos existentes e analisados neste estudo, atingindo apenas 
6% de Percentual Médio de Áreas Classificadas Incorretamente. Os resultados sugerem 
indicações preliminares do grande potencial dessa abordagem para definir o zoneamento 
bioclimático para edificações. Estudos futuros devem ampliar esta abordagem com um 
número maior de arquétipos, indicadores de desempenho e propriedades térmicas de 
edificações. 
Palavras-chave - zoneamento bioclimático, desempenho térmico de edificações, simulação 
termo-energética. 
ABSTRACT 
Climatic zoning for building energy efficiency is an important element in building energy 
policy and regulations. However, there is no consensus about the most appropriate 
methodology for its definition. This lack of consensus is noticeable by the large number of 
climatic zoning methodologies currently applied by different countries to define climatic 
zones. This large variety of methodologies gives raise to criticism towards them. Currently, 
there are no procedures or performance indicators to assess the validity of a proposed climatic 
zoning, hindering the decision to use a particular climatic zoning methodology instead of 
others. This scenario put at risk the effectiveness of building energy policies and programs 
based on climatic zoning. In such a context, this study proposes a new performance indicator 
and a procedure to support the validation of climatic zoning based on intensive use of 
archetypes, building performance simulation and Geographic Information System (GIS). This 
procedure is based on the principle that two areas should belong to the same climatic zoning 
if building performances are similar in both areas, considering a set of archetype buildings. 
The new performance indicator (Mean Percentage of Misclassified Areas) and validation 
procedure were applied to a case study in Nicaragua, by analyzing three of the most 
commonly used methods for climatic zoning. Simulations for naturally ventilated residential 
buildings were conducted using the program Energy Plus for a total of 328 locations in 
Nicaragua. Geographical Information System was used to delineate and analyze each climatic 
zoning. Results indicate that degree-days provides the best climatic zoning results, (Mean 
percentage of misclassified areas-20% of the Nicaraguan territory), followed by cluster 
analysis (22% misclassification for three–cluster map and 32% for four–cluster map). Results 
of this case study led to a preliminary proposal of a performance oriented climatic zoning 
based on building performance simulation and cluster analyses. The method proposed 
presented significantly better results than existing methods analysed in this study, reaching 
only 6% of Mean percentage of misclassified areas. Outcomes of this research suggest 
preliminary indications of the large potential of this method to support informed decision-
making in the climatic zoning process. Future studies should further extend this approach, 
preferably defining indicators according to local needs and extended to other archetypes and 
thermal properties of buildings. 
 
Keywords: climatic zoning, building thermal performance, building energy simulation. 
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  INTRODUÇÃO 1
A influência do clima no desempenho térmico das edificações é conhecida há milhares de 
anos [1–3]. No entanto, as iniciativas com o intuito de definir zonas bioclimáticas para 
programas de eficiência energética em edificações surgiram apenas a partir de 1949 [4,5]. 
Nesse contexto, o zoneamento bioclimático é comumente definido como uma região da 
superfície terrestre onde as variáveis climáticas apresentam variação limitada, permitindo a 
definição uniforme de recomendações ou requisitos obrigatórios de desempenho para 
edifícios situados dentro dessa zona. Estas recomendações ou requisitos obrigatórios são 
fundamentais no panorama das normas de desempenho térmico ou eficiência energética [6], 
destacando a importância da definição de zoneamento bioclimático para atingir objetivos 
ambiciosos relacionados à conservação de energia, redução de emissões CO2 e mudanças 
climáticas. 
Contudo, as classificações climáticas não foram inicialmente definidas para este 
fim. Os primeiros trabalhos de zoneamento datam de 1900 [7,8] e foram criados para fins 
gerais. Estas classificações se baseavam em padrões climáticos relacionados à vegetação, 
dando origem a uma das classificações climáticas mais conhecidas hoje, a Classificação 
climática de Köppen [9]. Posteriormente, diversas classificações foram desenvolvidas para 
fins específicos, como agricultura, por exemplo [10], incluindo entre elas as classificações 
climáticas para edificações.  
As primeiras iniciativas conhecidas de zoneamento bioclimático para edificações 
datam de 1960. Estas foram conduzidas em climas predominantemente frios [11,12]. Hoje, 
mais de 54 países são objeto de zoneamentos bioclimáticos, sendo estes responsáveis por 
aproximadamente 85% do consumo energético mundial [13–32]. Apesar desse amplo uso, 
existe um cenário fragmentado onde as propostas de zoneamento bioclimático têm sido 
desenvolvidas com uma grande diversidade de métodos, variáveis e parâmetros [33]. Uma 
revisão sobre o tema revela que na maioria dos casos poucos aspectos são levados em 
consideração, o que conduz a uma simplificação excessiva. Isto, em alguns casos, pode 
comprometer a eficácia de políticas de eficiência energética para edificações [34].  
O cálculo de graus-dia de resfriamento e aquecimento [35] é um dos métodos 
mais usados na definição de zonas bioclimáticas para edificações. Na atualidade existem 
referências de mais de 20 países adotando este método. O cálculo de graus-dia parte da 




diferenças entre temperatura de base e temperaturas externas [36]. Este método permite a 
comparação direta de diversos climas e apresenta uma alta correlação com a demanda 
energética para sistemas de condicionamento ambiental ativo [36], particularmente em climas 
frios. Apesar disso, o cálculo de graus-dia fornece uma compreensão parcial do clima já que 
ignora vários fatores importantes no balanço térmico de edificações, principalmente em 
climas quentes e úmidos [37–40]. Por estes motivos, o cálculo de graus-dia é frequentemente 
usado na definição de zoneamentos bioclimáticos em combinação com outras variáveis 
climáticas [33]. 
Embora menos comum do que o método de graus-dias, a análise de agrupamento 
de dados tem sido cada vez mais usada em muitas áreas relacionadas ao zoneamento 
bioclimático [19,41–43]. Tal método se baseia em uma técnica multivariada para 
reconhecimento de padrões. Aborda diferentes características climáticas sob diversos aspectos 
simultaneamente [44–52]. Esta técnica possibilita o uso de ampla gama de variáveis que 
influenciam o desempenho energético dos edifícios, evitando simplificações nas definições de 
zoneamentos bioclimáticos. 
Outros parâmetros independentes do clima são frequentemente usados na 
definição de zonas bioclimáticas para edifícios. O tamanho de aglomerações urbanas [19] e as 
divisões administrativas são exemplos destes parâmetros. As divisões administrativas têm 
sido utilizadas por mais de 10 países na definição de zonas bioclimáticas [18,20,53]. Alguns 
países adotam as divisões administrativas como zonas bioclimáticas [18]. Em outros casos, a 
baixa resolução de dados climáticos dificulta a definição de limites em áreas de transição 
entre zonas. Nesses casos, as divisões administrativas são usadas para delimitar as zonas 
bioclimáticas [54]. O principal motivo para o uso das divisões administrativas como critério 
de zoneamento bioclimático é a facilidade resultante para a aplicação de normas de eficiência 
energética. 
Esta grande variedade de metodologias para o delineamento de zoneamentos 
bioclimáticos suscita críticas [34,55–58]. Outros fatores que influenciam tais críticas são a 
definição arbitrária do número de zonas, resolução de zoneamento e incertezas no 
posicionamento de fronteiras entre zonas [34,53]. Este cenário pode comprometer a adoção de 
programas e políticas de eficiência energética derivadas de tais zoneamentos. 
As limitações dos métodos de zoneamento bioclimático existentes são 
particularmente relevantes para climas tropicais, onde, em muitos casos, as edificações 




geralmente possuem pouco isolamento térmico, sendo, consequentemente, mais susceptíveis a 
variações climáticas externas. Tais particularidades implicam desafios adicionais nesses 
países, já que o desempenho do edifício é geralmente medido pela frequência de desconforto 
ao invés do consumo de energia por sistemas de condicionamento ambiental [40,59–61]. Tais 
mudanças nos indicadores de desempenho dão novas dimensões às metodologias de 
zoneamento bioclimático, pois variáveis climáticas que apresentam um menor impacto no 
desempenho térmico de edificações com sistemas de aquecimento ou ar condicionado podem 
ter maior impacto no desempenho térmico de edifícios ventilados naturalmente. 
Diante do exposto surge este trabalho, com o objetivo de contribuir para a 
definição de um novo método de validação de zoneamento bioclimático baseado em 
desempenho, apoiado na simulação computacional e acoplado com mecanismos de 
automatização e sistemas de informação geográfica. A pesquisa parte de uma revisão 
exaustiva de métodos de zoneamento bioclimático, em seguida se desenvolve uma análise 
comparativa dos métodos mais usados, o cálculo de graus-dia, agrupamento de dados e 
divisões administrativas. Estes métodos são aplicados por meio de sistemas de informação 
geográfica a um estudo de caso em clima tropical (Nicarágua). A partir desses resultados, foi 
proposto um método de validação de zoneamento bioclimático baseado no desempenho, que 
foi aplicado ao mesmo estudo de caso usado em etapas anteriores. Os resultados demonstram 
que o método de validação proposto é capaz de estabelecer uma comparação imparcial entre 
diversos métodos de zoneamento bioclimático e, eventualmente, selecionar aquele que melhor 
representa a relação entre vários aspectos relevantes para a definição de programas de 
eficiência energética, tais como indicadores de desempenho, propriedades térmicas de 
edifícios e variação climática. Também foi possível obter indicações preliminares do grande 
potencial dessa abordagem para definir o zoneamento bioclimático fazendo uso da simulação 
termo-energética e sistemas de informação geográfica.  
A tese está escrita em inglês, respeitando as recomendações da Instituição para 
teses escritas em outra língua, que não o português. Compõe-se de dez capítulos. O Capítulo 1 
apresenta uma breve introdução e justificativa para o desenvolvimento da tese e seus 
respectivos objetivos. A segunda parte (Capítulo 2), apresenta o método adotado para realizar 
esta pesquisa, o qual é posteriormente discutido em cada capítulo detalhadamente. O Capitulo 
3 apresenta uma revisão bibliográfica extensiva sobre os métodos de zoneamento bioclimático 
para edificações usados em 54 países. Nesse capitulo é apresentada uma análise qualitativa e 




apresenta brevemente o contexto em que se insere o estudo de caso adotado nesta pesquisa. 
Os capítulos subsequentes (5-8), apresentam as etapas que foram necessárias para atingir os 
objetivos propostos. O Capítulo 5 mostra uma análise comparativa dos métodos de 
zoneamento bioclimático mais usados na atualidade, o cálculo de graus-dia, análise de 
agrupamento de dados e divisões administrativas. Estes métodos foram aplicados a um estudo 
de caso e comparados por meio da sobreposição dos mapas resultantes. No Capítulo 6, são 
apresentados trabalhos de análise paramétrica e simulações necessárias para a definição de um 
método de validação de zoneamento bioclimático baseado no desempenho. No Capítulo 7, 
resultados dos capítulos 5 e 6 são usados para propor e testar um novo método de validação de 
zoneamento bioclimático por meio da simulação. Nesse capitulo é usado um método 
estatístico baseado em resultados de desempenho de simulação termo-energética. No Capítulo 
8 é apresentado o método de zoneamento bioclimático e a aplicação a um estudo de caso. São 
definidas as zonas bioclimáticas para Habitações de Interesse Social na Nicarágua. 
Posteriormente, são apresentadas as discussões (Capítulo 9) da pesquisa, seguidas do último 
capítulo (10), onde são apresentadas as conclusões gerais e recomendações para pesquisas 
futuras.  
1.1  Hipótese 
É possível validar o zoneamento bioclimático para edificações com base no 
desempenho térmico de edifícios fazendo uso da simulação computacional e sistemas de 
informação geográfica. 
1.2  Objetivos 
O presente trabalho tem por objetivo propor um método de validação de 
zoneamento bioclimático com base no desempenho térmico de edificações.  
 
Objetivos específicos 
Realizar uma análise comparativa dos métodos de zoneamento bioclimático para 
edificações mais usados na atualidade.  
Propor um método de validação e de zoneamento bioclimático baseado no 
desempenho. 
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 MATERIAL AND METHODS 2
This section describes the research structure and methodology, which is further discussed in 
each chapter. This thesis is conducted based on an exploratory research supported by 
literature review and a case study approach. It is divided into 3 main stages (Figure 1): the 
first one comprises a Literature review, the second one the development of a new framework 
for climatic zoning validation and the third one presents an application of this new framework 
into a case study where a preliminary proposal for climatic zoning based on performance is 
presented. 





The first stage, comprising a Literature review (Chapter 3), was developed with 
the aim of setting the state of the art in Climatic zoning for building energy efficiency 
programs. In this section, the various methodologies/parameters/indicators used for the 
climatic classifications in the different countries were extensively reviewed. National and 
international building codes, standards, scientific papers and other documents related to 
building energy efficiency programs were studied. The frequency of occurrence of each 
parameter, climatic variable and technique across the climatic zoning methodologies was 
calculated, providing the core data for analysis. This review could not identify any scientific 
method widely accepted to deal with the trade-offs between complexity and accuracy in the 
definition of the number of climatic zones, boundaries, among other aspects relevant for 
climatic zoning for building energy efficiency programs. It was also possible to identify the 
most used methods for climatic zoning nowadays. Those outcomes served to define the 
subsequent stages of the research. 
The second stage is composed by four chapters and it was designed to develop a 
new framework for climatic zoning validation. The first chapter (Chapter 4) introduces the 
context of the case study used to illustrate the subsequent chapters. A tropical country with 
moderate climatic variations situated in Central America (Nicaragua) was chosen for this 
study. Nicaragua has no energy regulation for buildings resulting in buildings with either high 
energy consuming HVAC systems or low thermal comfort in those with no HVAC. The lack 
of regulations makes Nicaragua a potential candidate for climatic zoning implementation with 
no bias towards any existing methodology.  
The second chapter of this stage (Chapter 5) consists in applying and comparing 
results of three of the most used methodologies/parameters/indicators for the climatic zoning 
for building energy efficiency applications. These were identified in the first stage of this 
research (Chapter 3). Degree-days method, cluster analysis and administrative divisions were 
used to define climatic zones in a case study (Nicaragua). Geographic Information Systems 
(GIS) and high resolution weather data were used to define zones. The main analysis of this 
chapter was concerned with the identification of areas of the country where different climatic 
zoning methodologies provide the same classification, i.e. all methodologies provide identical 
results. The percentage of these areas was then calculated and reasons for such agreement 
were discussed. Areas with overlap of some, but not all, results were then identified. 37% of 
the territory was classified differently by the three methodologies. This comparison was 




possible to identify the most adequate methodology. Reasons for disagreement in 
classifications by different climatic zoning methodologies were discussed, as well as the 
possible implications of misclassifying each area. The outcome of this chapter gave rise to the 
subsequent chapters (Chapter 6 and Chapter 7) dedicated to the proposal of a performance-
based procedure to support validation of climatic zoning for building energy efficiency 
applications. 
Chapter 6 was developed to explore the thermal performance improvement 
potential of social housing in Nicaragua. This part of the work was carried out into five 
stages: 1) selecting case studies, 2) parametric variation, 3) simulation using EnergyPlus V8.2 
with the aid of MATLAB R2014, 4) definition of a performance indicator and 5) sensitivity 
analysis. The sensitivity analysis showed that among the parameters analysed, the most 
important ones in terms of comfort are associated with the roof and glazed surfaces. An 
important reduction potential in discomfort hours was also identified using cost-effective 
passive strategies. 
Chapter 7 is mostly based on building performance simulation results representing 
the building archetype targeted in the climatic zoning policy or program. A new performance 
indicator, Misplaced Percentage of Misclassified Area (MPMA) is introduced to assess 
climatic zoning using simulation results. This indicator is based on the principle that two areas 
should belong to the same climatic zoning if building performances are similar in both areas, 
considering a set of archetype buildings. The new performance indicator and validation 
procedure were applied to a case study in Nicaragua, using the results of three different 
climatic zoning methodologies previously reported in Chapter 5. This work concludes that 
climatic zoning results obtained using the three tested methodologies have high level of 
misclassified areas and new approaches for climatic zoning are necessary to reduce current 
levels of misclassification.  
Those conclusions led to the development of the third stage (chapter 8), where a 
new framework for climatic zoning is proposed and tested using the validation procedure of 
Chapter 7. This set of procedures were applied to a case study (Nicaragua), where, for a set of 
residential archetypes it was possible to define zones making a connection between several 
aspects relevant for the definition of climatic zones. For instance, weather data, thermal 
properties of the building envelope and thermal performance targets. This chapter presents 
preliminary indications of the large potential of this approach to support informed decision-













Climatic zoning is an essential element of most building energy efficiency programs, however 
there is no widely accepted scientific technique for its delineation. This chapter reports an 
investigation on this issue, which comprised the review of climatic zoning methodologies for 
building energy efficiency programs adopted by 54 countries. The study identified that the 
nature and magnitude of climatic variations are not the main elements in the definition of the 
number of climatic zones in a country. The number of climatic zones seems to be mainly 
driven by the expected simplicity of the final climatic zoning, respecting in most cases a 
maximum of 8 zones independent of the country size and climatic variations. A total of 19 
different variables, techniques and parameters used in climatic zoning were identified, the 
most frequent being temperature, degree days, altitude, administrative divisions and relative 
humidity. However, around 80% of the countries analysed in this study used only up to three 
variables/techniques/parameters to define their climatic zoning. This simplicity comes at the 
cost of ignoring several aspects of climate and building energy performance. From the 
techniques identified in this review, only the combination of building performance simulation 
and cluster analysis seems to provide robust tools to tackle the complex relations between 
climate and building energy performance. Combined, these tools may provide the means to 
explore scenarios and support evidence-based decision making in energy policy. The lack of 
consensus in several aspects of climate zoning indicates the need for further research in this 
area.  
 
 Keywords: Climatic zoning, building energy efficiency, building climatology. 
                                                             





The large influence of climate on building thermal performance has been known for millennia 
[1–3]. However, only in the second half of the last century have researchers tackled the 
definition of climatic zones specifically for building energy efficiency programs [4–7]. In this 
context, a climatic zone is usually understood as a region on the Earth´s surface where 
climatic variables have small variation, allowing the use of uniform recommendations or 
mandatory values for certain building characteristics throughout the whole area within the 
climatic zone [8,9]. These recommendations or mandatory values are central elements of most 
building energy efficiency programs [10], stressing the important role of climate zoning in the 
achievement of ambitious goals for energy security, reduction of greenhouse effects to reduce 
the pressure on climate change, etc. 
Climate zoning was not initially developed for building energy efficiency 
programs. Early climate classifications, dating from 1900, were general-purpose [11,12]. 
Those classifications were based on the identification of climate patterns related to vegetation 
and gave rise to one of the most well-known climatic classifications, the Köppen system [13]. 
In subsequent years, many other climate classifications were developed for agriculture and 
other specific domains, including climate classifications in building energy efficiency 
programs.  
Early initiatives on climatic zoning for building energy efficiency programs date 
from 1960 and were conducted mainly in heating dominated countries with extreme weather 
conditions [5–7]. Today, several countries in the world are subject to climatic zoning for 
analysing energy efficiency in buildings [9,14–19]. These climatic zones are used for various 
purposes, supporting thermal regulations with prescriptive-based and performance-based 
requirements [20,21], standardized data for building energy calculation [22,23], energy 
standards [24], voluntary labelling programs [25], and design guidelines [26].  
The definition of adequate climatic zones is a complex task due to the interaction 
of several independent variables. Due to this complexity, climatic zoning for building energy 
efficiency programs is usually developed by ad hoc studies, where a variety of methods have 
been used [24]. A brief survey on the topic revealed large variations in the climatic zoning 
methodology used by different countries, ranging from simplified calculations using steady-
state heat transfer [27] to complex dynamic simulations of heat, air and moisture in buildings 
and heating, ventilation and air-conditioning systems (HVAC) [20]. It is remarkable that so 




appropriate methodology to conduct climatic zoning for building energy efficiency programs. 
The large number of new climatic zones published in the last 10 years also indicates the 
relevance of this topic for the public, government and research community [20,28–31]. 
Previous review papers on this topic provided, at the time of their publication, 
valid overviews of climatic zoning methodologies for a few specific regions of the world 
[19,24]. These overviews addressed only a few climatic zoning methodologies and have been 
published more than 10 years ago. To the knowledge of the authors, there is no 
comprehensive and up-to-date review of the methods for climatic zoning for building energy 
efficiency programs. This chapter aims at filling this gap by providing a thorough review of 
climatic zoning in fifty four countries, responsible for more than 85% of the world primary 
energy consumption [32] and representing approximately 71% of the world’s population.  
The chapter is structured in 4 sections, as follows. Section 3.2 describes the 
selection of countries included in this review and the criteria adopted in the selection of 
supporting documentation for each country. Section 3.3 provides a general description of the 
adoption of climatic zoning over the world. Section 3.4 presents the methods for climatic 
zoning. Section 3.5 summarizes the main conclusions of this review and proposes a road map 
for the research on this topic. 
3.2 Materials and methods 
This study was performed by surveying national and international building codes, standards, 
scientific papers and other documents related to building energy efficiency programs. 
Approximately 90% of the cases reviewed in this chapter are related to normative documents 
found mainly in international databases from entities such as the International Energy Agency 
(IEA), Energy Performance of Buildings Directive (EPBD), United Nations Environment 
Programme (UNEP) and Pacific Northwest National Laboratory (PNNL) among others. A 
small fraction (10%) is composed of academic research with no legal effect in their countries.  
 Queries using internet search engines were conducted using a wide range of 
keywords related to climatic zoning. The initial survey was carried out in English, Spanish, 
French and Portuguese, so only documents in these languages were initially included. 
Reference lists of documents identified in the initial survey were also used to identify 
documents related to climatic zoning; these documents were then reviewed independent of 
their language. Whenever possible, primary sources were identified and used as main source 




There was considerable variation in the available information on the climatic 
zoning methodology adopted by each country. In some cases, there was only a brief 
description of zones, with no information about the method employed; these cases were not 
included in this review. Only the most recent climatic zoning was considered for each 
country. Some countries adopt different methodologies for climatic zoning for different 
seasons of the year or for different building energy regulations; in these cases each zoning 
was considered as an independent entity for this review. 
Once the climatic zonings were identified and reviewed, the analysis of 
methodologies for climatic zoning was carried out country by country. This analysis consisted 
of the identification of parameters, climatic variables and/ or techniques used in the climatic 
zoning. The frequency of occurrence of each parameter, climatic variable and technique 
across the climatic zoning methodologies was calculated, providing the core data for this 
chapter. Data on the combination of parameters, climatic variables and techniques were also 
compiled to cast light on the concomitant use of factors in methodologies for climatic zoning. 
A brief discussion about the relation between climatic zones, thermal comfort and building 
energy efficiency was also included. 
The review does not address minor variations in similar methodologies for 
climatic zoning used by different countries. This simplification is consistent with the study 
aim, i.e. the identification of patterns and trends in climatic zoning rather than detailed 
discussions of the methodology adopted by each country. Even though there is a strong 
correlation between the climate zoning and the corresponding energy requirement, this 
chapter only addresses the methodologies for zoning, not considering the use of climatic 
zones for the establishment of building energy policies, recommendations and requirements. 
3.3 Climatic zoning for building energy efficiency programs over the world 
3.3.1  Adoption of climatic zoning over the world 
The work based on the methodology described in Section 3.2 identified a total of 54 countries 
with climatic zoning for building energy efficiency programs. Some countries have more than 
one climatic zoning, resulting in this review addressing a total of 64 climatic zonings. Table 1 
shows a list of countries and documentation used in the analysis. These countries are shown in 
Figure 1, representing 70% of the world land surface and 71% of the world population [33] 
being responsible of 85% of the total primary energy consumption [32]. This initial finding 
highlights the importance and widespread use of climatic zoning nowadays. Many countries 




information available about their climatic zoning in the languages covered by this study. 
These omissions should be clarified in future studies. 
Figure 1. Countries with climatic zoning covered in this review 
  
The analysis of documentation listed in Table 1 reveals that around 75% of the 
documents used in this review were published after the year 2000. The nature of 
documentation varies substantially (reports, standards, laws, guidelines), therefore the date of 
publication may not always precisely match the age of the climatic zoning in that particular 
country. In spite of some eventual imprecision, it is reasonable to say that a considerably large 
number of countries revised or introduced climatic zoning in the last 15 years. This intense 
activity on climatic zoning stresses the importance of this subject and it reflects the increasing 
awareness of countries on the importance of building energy efficiency programs. 
Nevertheless, the large variation of approaches adopted in the climatic zoning indicates the 
lack of a proven and widely accepted methodology, even after more than a half-century from 




Table 1 – List of countries covered in this review 
Algeria [35]   Madagascar [36]  
Argentina [15]   México [37]  
Armenia [38]   Morocco [20]  
Australia [8,39]   Nepal [29,40,3] 
Austria [41]   New Zealand [42]  
Bolivia [43]   Nigeria [44]  




Territories [48]  
Canada [49]   Peru [50]  
Chile [26,51]   Poland [52]  
China [53,54]  Portugal [55]  
Colombia [28]   Puerto Rico [56]  
Czech Republic [57]   Romania [58]  
Egypt [59,60]   Russia [61]  
Ecuador [30]   Saudi Arabia [17]  
Finland [62]   Slovakia [63]  
France [34,64-66]   South Africa [67,68]  
Germany  [23,69,70]   Spain [71,72]  
Greece [27]   Sri Lanka [73]  
India [16,74,75]   Sweden [76]  
Iran [77]   Tanzania [78]  
Israel [79,80]   Thailand [81,82]  
Italy [83]   Tunisia [84]  
Japan [85]   Turkey [31,86]  
Jordan [87]   United Kingdom [22]  
Korea [88]   Uruguay [89]  
Lebanon 
[9]  
 United States of 
America  [90,91]  
3.3.2 Amount of zones per country and variation in the extent of climatic zones 
Defining the number of zones necessary to capture climatic variation is an essential part of the 
climatic zoning process. Data collected in this review indicates no direct relation in the cases 
analysed between the number of climatic zones and the country area (Figure 2). On the one 
hand, small countries adopt zones with high resolution in space to address specific 
geographical, climatic or political divisions. On the other hand, large countries limit the 
amount of zones for practical reasons, sometimes ignoring what can be considered a small 
variation when compared to the size of the whole country. The correct number of zones 
necessary to characterize a country is essential to the success of any building energy 




efficiency program. An excessively high number of zones lead to overcomplicated building 
energy efficiency programs, making their use and adoption difficult. An excessively low 
number leads to extensive zones with large climatic variations within the zone, making them 
inappropriate for any building energy efficiency program.  
Figure 2: Correlation of country area and number of climatic zones 
 
Climatic zoning in the United States of America (USA) can be used to exemplify 
the challenges in the definition of the proper number of climatic zones. This large country has 
a national building code applicable to its whole territory, but it has also building regulations at 
state level addressing smaller fractions of its territory [92]. According to the International 
Energy Conservation Code [93] and the ASHRAE Standard 90.1 [90], the USA is divided 
into 17 zones (Figure 3b). The low resolution national climatic zoning of the USA is 
contrasted by the climatic zoning in the State of California, where large efforts in energy 
efficiency have been implemented in the recent past. The State of California has a higher 
resolution climatic zoning containing 16 zones [91] (Figure 3a), with climate zones defined 
by energy use [21]. The average area per climatic zone varies by a factor of 20 between these 





Figure 3: California State and USA climate zonings [21,90].  
 
Tunisian climatic zoning can also be used to exemplify the complexity in the 
definition of the number of zones needed. This country has two climatic classifications, one 
for thermal regulation purposes (with three zones) and another for passive building design 
guidelines (with ten zones) (Figure 4). Both climatic zoning schemes were developed using 
the same method but the result was conditioned by the performance metrics adopted in each 
case (energy consumption in HVAC and thermal comfort in buildings with no HVAC 
respectively). As a consequence, the climatic zoning developed for thermal regulation purpose 
shows little sensitivity for some climatic variables, such as wind speed and direction. The one 
developed to establish passive design guidelines was strongly influenced by all climatic 
variables and other local particularities [84]. The average area per zone in these two climatic 
zoning classifications is in the same order of magnitude, ranging from 1.103 km² to 5.103 
km², both much smaller than the average zone size in California.  
The contrast between small and large states/countries can be further observed by 
the average area of each zone per state/country, which varies by a factor of around 3000, 
ranging from approximately 103 km² to 18 106 km² (Figure 5a). The bars representing the 
USA, California and Tunisia are highlighted in blue in this figure, where one can see they are 
representative examples of climatic zoning in small states/countries (such as California and 
Tunisia) and large countries (such as the USA). Figure 5a indicates a direct connection 
between area per zone and country size. Most countries adopt a similar total number of zones 




the number of zones varies very little, ranging between 3 and 8. This is a small variation 
considering that the areas of these countries vary by a factor of around 3700. These data may 
indicate that practical reasons (and not climatic variations as one would expect) are the main 
driving forces in the definition of the number of zones, as 3 to 8 zones are easily manageable 
in building energy efficiency programs. These data indicate that some large countries may 
have oversimplified climatic zoning while some small countries may have climatic zoning 
which are excessively and unnecessarily complex.  
 Figure 4: Tunisia climatic zoning-maps with different resolution for thermal 





Figure 5: Average area per zone (a) and histogram of the number of zones used in 
different climatic zoning covered in this review (b) 
 
Climatic zoning is usually adopted to guide requirements for the construction 
industry, having high economic impact. However, they are the target of strong criticism 
[31,94–98]. This criticism can severely delay the transition from voluntary to mandatory 
requirements in some countries, as for example in Brazil where climatic zoning took more 
than a decade to become part of building requirements [14,99]. An arbitrary number of zones 
may increase criticism, particularly in cases of neighbouring areas with similar climates, but 
located on opposite sides of boundaries between adjacent zones. Figure 6 exemplifies this 
situation, by highlighting a region of California State (zone 2 in state climate zoning) having 
areas placed in different climatic zones in the USA (zones 3B, 3C, 4B, 4D). Such 
neighbouring areas will face different construction requirements according to USA standards 
for zones 3B, 3C, 4B, 4D in spite of similar climates as acknowledged by the State zoning 
[94]. Another example of this situation can be found in the triple border of Argentina, Brazil 
and Uruguay, all countries with similar construction industry and economic development. 
Near this triple point, recommended U-values for roofs based on climatic zoning vary from 
0.5 to 2 W/m2K depending on which side of the border the building is placed [19,100], in 




Figure 6: Different requirements for the same region of California [94]  
 
From the discussion above, it is clear there is a need to adopt reliable methods for 
deciding the appropriate number of zones in the climatic zoning process. Nevertheless, little 
or no information about this decision is available in the documentation analysed for this 
chapter. Findings indicate: (a) an interest in using a minimum number of zones to keep 
simplicity for regulatory provisions [8]. and (b) the pursuit of consistency between climatic 
zoning and other geographic features [24] which in extreme cases leads to climatic zoning 
matching administrative division [9]. It can be concluded that, at the moment, there is no 
scientific method widely accepted to deal with the trade-offs between complexity and 
accuracy in the definition of the number of climatic zones necessary in a country for a given 
purpose (e.g. regulation and design guidelines). 
3.3.3 Purpose of climatic zoning 
Climatic zoning schemes for buildings have been created for a number of purposes. 
Independent of the purpose, most climatic zoning classifications started as academic or 
institutional research, going through a process of discussion and validation before being 
embedded in voluntary or mandatory regulations [24]. This process is conditioned by 
particularities of each country and the status of their building energy programs. In spite of 
these particularities, climatic zoning can be classified based on its purpose in three groups: 
performance-based requirements, prescriptive-based requirements and passive design 
guidelines (the frequencies of these three groups are indicated in Figure 7). The role of 





Figure 7: Frequency of climatic zoning according to their purpose 
 
Performance-based approaches generally refer to the building as a whole, assessed 
using indicators such as total energy consumption, energy cost and/or thermal comfort, and 
indoor air quality. This approach is more flexible than the prescriptive approach and promotes 
innovation in building energy efficiency programs [101]. In this study, 36% of the climatic 
zoning classifications were developed to support performance-based regulations, usually 
indicating maximum values for energy consumption or hours of discomfort for each zone for 
different building archetypes. Weather data for building energy assessment is established for 
each zone in order to facilitate and standardize the building energy calculation process. The 
cases of France [65] and Finland [62] illustrate this group.  
Prescriptive-based approaches are frequently related to minimum (or maximum) 
values allowed for certain thermal properties of building envelope components, such as U-
values, Solar Heat Gain Coefficient (SHGC) and Window-to-Wall Ratio (WWR), and 
Coefficient of Performance (COP) of HVAC systems. This approach is simple to implement 
and capable of providing significant energy saving in many cases. These advantages make the 
prescriptive-based approach widely used in building energy programs [102]. This wide use is 
also illustrated in this study as more than 50% of climatic zoning classifications are associated 
with prescriptive-based approaches. Examples of this approach are China [53] and Greece 
[27]. 
A third group of climatic zoning schemes is related to passive design guidelines, 
taking advantage of natural resources to minimize energy use in buildings. These guidelines 
are usually associated with the building’s shape, orientation, building envelope properties and 
passive heating/cooling strategies [103,104]. They are generally applicable in early design 




This type of approach applies to around 14% of the cases analysed in this chapter. Examples 
are Colombia [28] and Thailand [81].  
3.3.4 Relation with climatic zones, thermal comfort and building energy efficiency  
The relation between climatic zone and energy efficiency differs significantly among 
countries, as the weather is not the only driver of energy consumption in buildings [105]. In 
particular, buildings characteristics and technologies differ significantly throughout the globe 
impacting in the energy performance of buildings. In some countries, representative values of 
weather data for energy load calculation are established for each climatic zone, while 
buildings energy use and CO2 emissions should respect certain limit through all the country 
[22]. In other countries, there are specific performance targets for each climatic zone [65]. In 
France, for example, there is a maximum allowed annual consumption of primary energy of 
the building taking into account performances of HVAC system, domestic hot water (DHW) 
and artificial lighting which varies according to the climate zone [65]. In Morocco, a limit in 
HVAC demand is established for different archetypes and climatic zones expressed in 
KWh/m2/year [20]. Morocco climatic zoning is based on building energy simulation, and 
results were used to demonstrate savings up to 73% (in energy needs for heating and cooling) 
due to the adoption of climatic zones and building recommendations [20]. The case of 
Morocco is the exception in climatic zoning as for most countries there is no information 
available on the relation between zoning and energy performance gains.  
Climatic zoning in some tropical countries is driven by concerns on improving 
thermal comfort in the many buildings with no HVAC systems [14,36,99]. Climatic variables 
are post-processed using predesign tools, which are further discussed in sections 3.4.6 and 
3.4.7 [29,74]. These tools compare climatic data with comfort requirements, supporting the 
definition of climatic zones and prescribing suitable building characteristics to maximize 
indoor comfort when there are no HVAC systems [106]. As thermal comfort preferences are 
climate reliant [107–109], the definition of the most adequate comfort zone and design 
guidelines depend on the context it is applied. For instance, as indicated in Figure 8, climatic 
zoning in north-east India was based in Milne and Givoni psychometric chart [57], while in 
Nepal, the thermal comfort zone for hot climates defined by Givoni was used instead [29]. In 
Brazil, climatic zoning was based in an adaptation of Givoni’s work [14]. The outcome of 
Brazilian climatic zoning has been target by criticism in face of the latest advances in thermal 




Thermal comfort indicators are also used as performance indicators in simulation-
based climatic zoning (discussed in section 3.4.4). Building energy simulation programs 
provide a flexible approach and allow the use of several thermal performance indicators such 
as hours of discomfort above, a reference operative temperature, PMV values, the adaptive 
thermal comfort model among others [111]. Those indicators are often used in accordance to 
each country legislation [112–114] to define their climatic zoning. There is no evidence in the 
literature reviewed in this chapter on the overall impact in thermal comfort by the adoption of 
climatic zoning and corresponding building recommendations. The quantification of such 
impact is in fact cumbersome, particularly in cases where large data sets of measured data or 
simulation for the entire building stock are not available. 
Figure 8: Examples of climatic zoning using different comfort limits and passive 
strategies: north-east India [74] (a), Nepal [29] (b) and Brazil [14] (c). 
 
3.4 Methodologies and variables for climatic zoning for building energy 
efficiency programs 
3.4.1 Variable, technique and/ or criterion used in the climatic zoning 
The review methodologies adopted by 54 countries for climate zoning reveal a large 
variability in approaches. This variability can be seen in Table 2, which shows a list of 
climatic variables, techniques for energy assessment and other criteria used by countries in 
their climatic zoning methodology. A total of 19 different variables, techniques and criteria 




analysed. In fact, the identification of so many approaches highlights the lack of consensus 
regarding the most suitable technique for climate zoning for building energy efficiency 
programs, stressing the need for further research in this field.  
Table 2: List of variables, techniques and other parameters used in the definition of 
climatic zones 
Classification 
Variable, technique or 
criterion  
used in the climatic zoning 
Climatic Variables 
Temperature 
Relative humidity/Water vapour 
pressure 
Solar radiation/Sunshine hours 
Rainfall 
Wind speed and direction 
Thermal amplitude 
Techniques for energy 
















Size of the urban agglomeration 
 
For clarity, these variables, techniques and criteria were classified in Table 2 in 
three groups: (a) climatic variables, (b) techniques for energy assessment and climate data 
processing and (c) other parameters. Figure 9 shows the frequency of use of each of them, 
which shows a clear prevalence of air temperature as a key variable in the definition of 
climatic zones. The frequency data of Figure 9 is further discussed in the following sub-
sections, which discuss in detail the different approaches listed in Figure 9, addressing their 




3.4.2 Climatic variables 
Each climatic variable is expected to have a specific role in climate zoning methodologies for 
building energy efficiency programs, as each one of them contributes in different ways to 
variations of thermal loads, energy use of HVAC systems, lighting and energy production 
from solar and wind-based renewable systems [115,116]. However, quantifying the impact of 
climatic variables on energy usage of buildings is quite complex as these variables interact 
with several building and HVAC properties in the building energy balance [105,117]. 
This study identified six climatic variables that were directly used in climatic 
zoning for building energy efficiency programs (Figure 9a), i.e. these variables were used as 
stand-alone entities being analysed in terms of frequency of occurrence, maximum and 
minimum values. Figure 9a does not include cases where variables are used indirectly, as 
input for building energy assessment, data segmentation techniques and other approaches 
listed in Figures 9b and 9c. The use of raw climatic data in climatic zoning has many 
advantages and it is rather straightforward, as most locations have large amounts of climatic 
data available for long time spans.  
From the six climatic variables, temperature is by far the most used, being present 
in 56% of cases. The prevalence of temperature as a key climatic zoning parameter was 
expected, as it is usually seen as a major indicator of energy demand of HVAC systems. 
Energy demand of HVAC has a non-linear relationship with temperature, which is reasonably 
simple and predictable in cold climate but is erratic in warm countries due to the influence of 
other variables on cooling energy demand such as humidity, solar radiation, and wind [118]. 
Finland is a good example of a country with a cold climate using temperature as the primary 
input in its climatic zoning [62]. Figure 10a shows Finland climatic zoning, where outside 
design temperature is strongly correlated with latitude variations (which are also correlated to 
solar radiation intensity). In the Finish climatic zoning methodology, temperature was 
successfully used as it can be understood as a proxy of other climatic variables (e.g. solar 
radiation) which play important roles in building heating energy consumption. Ecuador is an 
example of country with a warm climate where temperature is the sole input for climatic 
zoning. Figure 10b shows that climatic zoning of Equator takes advantage of the strong 
correlation between altitude and temperature in the Andes. Altitude is also strongly correlated 
to other climatic variables (e.g. cloudiness and solar radiation), but temperature and altitude 
cannot capture variations in rainfall and humidity between the Pacific Ocean side (west of the 




In this case, the sole use of temperature leads to an oversimplification of the climate zoning, 
ignoring the role of important elements for building energy performance, such as latent loads 
of HVAC, evaporative cooling solutions, thermal amplitude and its implications in HVAC 
controls and night ventilation solutions.  
Figure 9: Frequency of usage in climatic zoning methodologies: climatic variables 
(a), techniques for energy assessment and climate data processing used for climatic 





Figure 10: Climatic zoning from Finland (a) [62] and Ecuador (b) [30], annual 
rainfall intensity in Ecuador (c)  
 
Relative humidity [119] and water vapor pressure, which are correlated indicators, 
are used as complementary zoning parameters in 17% of the cases of this study. Those 
parameters are also related to rainfall intensity which appears in 11% of the cases, included in 
the ASHRAE method [24] applied to the USA, Puerto Rico and México. The ASHRAE 
method is also included in the International Energy Conservation Code [93], which covers 
more than 3012 locations outside the United States and Canada. These variables were used to 
complement climatic zoning methodologies based on temperature in order to cover a wide 
range of correlated important elements for cooling and heating energy consumption in 
buildings. 
Solar radiation [120] is present in 16% of the cases. In hot climates, this variable 
is important because it is usually the main source of heat gains contributing to rising indoor 
temperatures. In cold climates, solar radiation can reduce buildings’ heating energy 
consumption; however, it may also cause overheating during the summer. Solar radiation is 
also important for solar based renewable systems, which are issues of concern in some 
building energy efficiency programs [121]. Solar radiation is used, for example in the climatic 
zoning proposed for Net Zero energy buildings in Brazil, where solar radiation is used in 
combination with other variables and techniques to estimate renewable systems potential [45]. 
Wind velocity and direction are important parameters for buildings’ thermal 
performance, particularly in poorly insulated buildings and buildings with natural ventilation 




usage of these data in climatic zoning methodologies. At the macro scale, wind modifies the 
temperature of the region according to movement of large air masses, an effect that is already 
captured by air temperature. At the building scale, wind affects building infiltration, 
ventilation, convective heat and mass transfer and people’s perception of comfort. Wind is 
present in 9% of the cases of this study; among them Madagascar is an example where zones 
are defined according to the wind speed and frequency (in combination with other climatic 
variables) [36].  
Another important variable related to building energy demand is thermal 
amplitude, which is present in 6% of the cases. Thermal amplitude is the numerical difference 
between maximum and minimum temperatures observed in a given location over a specified 
time period. This variable is considered a key indicator for selecting bioclimatic design 
responses to keep indoor air temperature within comfortable ranges [122]. Thermal amplitude 
is strongly correlated with other variables such as relative humidity and the presence of bodies 
of water in the region. Argentinean climatic zoning [15] is an example of classifications 
taking into account this variable as a complementary parameter for classification. 
This section addressed the role of six climatic variables in climatic zoning 
methodologies. The next sections are dedicated to techniques for energy assessment, climate 
data processing and other parameters listed in Table 2. 
3.4.3 Degree days 
The degree day approach is one of the most commonly used techniques for climate zoning, 
being used in 38% of the cases of this study. Degree-days are calculated from the summation 
of the differences between the outdoor temperature and a base temperature over a specified 
time period. The base temperature is arbitrary, but it is usually defined as the external 
temperature where HVAC systems do not need to work to maintain comfort conditions inside 
the building. Degree-days capture variations of outdoor temperature in terms of amplitude and 
frequency with respect to a reference temperature [123]. This approach had its origin in 
agricultural research and was transferred to the building energy field in the decade of 1930 
[124]. The degree-days approach can be used in steady-state calculations to estimate energy 
demand for cooling and heating systems based on the U-value of construction materials. 
Degree-days have the advantage of being simple and having a reduced number of 
input variables, which diminishes errors in the climatic zoning. Due to its simplicity, degree-
days have been widely used in the building energy field and they are a reliable indicator of 




provides a partial understanding of the influence of climatic variables in buildings as it 
disregards the impact of solar radiation, wind speed and humidity. These additional variables 
are important in hot humid climates, where solar gains and latent loads have a large influence 
on building energy performance. Therefore, in most cases the degree-days approach has been 
used for climatic zoning in combination with other climatic variables, such as in the ASHRAE 
method [24] mentioned above. 
3.4.4 Building energy simulation  
Building energy simulation has been used in 8% of cases analysed in this study. Simulation 
programs are considered the most accurate method to predict thermal building performance, 
providing a better understanding of the consequences of design decisions [125]. They 
emerged in the decade of 1960 and since then have continuously evolved and matured [125–
127]. Nowadays, their accuracy and interoperability with other programs allows the 
performance assessment of a broad range of architectural and engineering solutions, which 
makes possible the establishment of detailed predictive-based and performance-based 
requirements for building energy efficiency programs [40,128]. However there are some 
constraints in the use of building simulation, such as the need to predefine a design hypothesis 
which varies according to architectural typology, HVAC, occupational patterns and building 
control. In addition, there is a need for detailed climatic data [115,129], which are not always 
available for the regions of interest. Such complexity makes climatic zoning by building 
energy simulation not always feasible and also prone to errors. 
Building energy simulation has shown great potential when applied to climate 
zoning, particularly through parametric analysis as, for example, in the case of Morocco [20]. 
In Morocco, thermal regulations and climatic zoning were defined with the aid of simulation, 
indicating prescriptive-based and performance-based requirements for residential and 
commercial buildings. Cooling and heating energy demand was used as climatic zoning 
indicator, as cities were grouped in zones according to different combinations of these two 




Figure 11: Correlation between heating and cooling energy demand in 12 cities of 
Morocco (a) Climatic zones map from Morocco (b) [20] 
 
3.4.5 Cluster analysis  
Cluster analysis is the general name for a variety of techniques for data classification and 
segmentation, present in 6% of the cases in this study. For climatic zoning purposes, 
clustering is either applied alone or using factorial analyses to pre-process data and reduce the 
number of variables for clustering [131]. Cluster analysis has been applied in atmospheric 
research to find homogeneous climate zones based on meteorological parameters. It is 
considered a multivariate pattern recognition technique that helps to investigate climate data 
under various aspects simultaneously for a wide range of research questions [132]. This 
method emerged as a major analysis technique in the decades of 1960 and 1970 [133].  
The use of cluster analysis in climatic zoning has two main advantages. Firstly, 
cluster analysis makes possible the use of large range of climatic and geographical variables 
which may influence building energy performance, avoiding oversimplifications already 
described in most methods which are focused on a single or few variables. Secondly, and 
most importantly, cluster analysis can combine climatic variables with building properties 
(such as U-values) and energy performance (from simulations or smart meter data), providing 
an unique approach to define climatic zones based on relevant aspects for building 
performance (building properties and energy consumption). Judgment must be used in many 
stages of analysis cluster analysis, which provides the means for decision making and 
customization in the climatic zoning process [24]. France is an example of country which 
defined its climatic zones using a combination of clustering and factorial analyses [34], 




3.4.6 Givoni bioclimatic chart 
The Givoni bioclimatic chart [106] is a pre-design bioclimatic tool used in 5% of the cases 
analysed in this study. This tool correlates passive design strategies with external air 
temperatures and relative humidity using a custom psychrometric chart. This bioclimatic chart 
was developed by Givoni [106] based on Olgyay's work [134] and over the years it has been 
the subject of several improvements and adaptations to different contexts [14].  
The main advantages of the Givoni bioclimatic chart are its easiness of application 
and the reduced number of input variables, which reduce errors in the zoning process. 
However, as with other approaches already described in this chapter, the Givoni bioclimatic 
chart disregards some climatic variables that influence thermal behaviour of buildings, such as 
solar radiation and wind exposure. In fact, some studies raised questions about the generalized 
applicability of this tool [135] and pointed out its limitation in the face of recent developments 
in adaptive thermal comfort [136]. An example of Givoni bioclimatic chart application for 
climatic zoning definition can be found in Brazil [14], where this tool was used with Mahoney 
tables to define climatic zones and draw recommendations of passive design strategies for 
social housing (Figure 12). 
Figure 12: Brazilian climatic zoning (a), bioclimatic chart showing examples of 





3.4.7 Mahoney tables 
Mahoney tables are used in a few cases analysed in this study (3%). This method was 
developed by Carl Mahoney, Martin Evans and Otto Königsberger [137] and provides passive 
design recommendations in early design stages based on monthly climatic data. The main 
advantages of Mahoney tables are the simplicity and low input requirements. Predominant 
climatic features are identified using Mahoney tables, and consequently, the corresponding 
passive design solution. However, it is not meant to support detailed prescriptive-based or 
performance-based recommendations. In addition to this, comfort limits established in this 
method are mostly aimed at tropical climate, being less accurate in colder climates [138]. For 
climatic zoning purposes, Mahoney tables have been applied only in Brazil [14] and Nigeria 
[44]. 
3.4.8 Other parameters  
There is a third group of parameters composed of a diverse set of indicators not directly 
related to the analysis of climate data or building performance. These parameters are related 
to geographical, urban, architectural and administrative characteristics of a location and they 
are present in 54% of the climatic zoning analysed in this study. Among them, altitude is the 
most used indicator. It is considered as a complementary parameter of climatic zoning in 22% 
of the cases analysed in this study. This geographical characteristic has a well-known 
correlation with temperature variation [139] as shown in the example of Ecuador (Figure 
10b). Altitude is particularly useful and often used to interpolate climatic data when there are 
not enough weather stations to delineate a high resolution map.  
Division for administrative purposes is used in 16% of the countries. This 
criterion facilitates the implementation of building energy efficiency programs; however, it 
decouples climatic zoning from climatic data. By facilitating the implementation, this 
approach puts at risk the applicability of climatic zoning as zones may have no meaning in 
terms of climate and building energy performance.  
Seasonality is used in 16% of the cases of this study. Defining separate climatic 
zonings for summer and winter adds complexity to the climatic zoning process, but it can 
enhance the definition of building requirements targeting separately cooling or heating needs. 
It also demonstrates the understanding that climatic data vary in space (hence the need for 
climatic zones), but this variation in space may assume different boundaries over the year 
(hence the need for climatic zones for each season). Seasonality is addressed differently from 




summer thermal requirements (Figure 13). In Spain [72] and France [65], there is a main zone 
division and specific subdivisions targeting thermal requirements for summer and winter.  





There is a reduced number of countries using the remaining parameters listed in 
Table 2, such as vernacular architecture [43], Köppen climate classification [67], thermal 
inversion [50], size of urban agglomeration [34] and thermal comfort index [15]. These 
parameters will not be further analysed here, as they were adopted by a single country and this 
chapter is focused on general trends in climatic zoning for building energy programs. 
3.4.9 Combination of methodologies  
The previous sections described a variety of techniques used in the climatic zoning of the 
many countries covered by this review. This section briefly discusses the trends in the 
combination of these techniques adopted by different countries. Figure 14 shows the 
frequency of occurrence for the number of techniques used simultaneously by different 
countries in their climatic zoning methodology. Around one out of three cases (31%) relies on 
a single technique to define climatic zoning. Temperature, degree-days and simulation are the 
most used techniques (or variables) in these cases. In 31% of the cases, two techniques were 











combined, usually using temperature or degree-days in combination with some indicator of 
humidity level (e.g. relative humidity, vapor pressure, rainfall).  
Figure 14: Frequency distribution of the number of parameters, variables and 
techniques for building assessment used simultaneously in each climatic zoning 
 
Four out of five cases analysed in this study (78%) used up to three techniques or 
variables to define climatic zoning for building energy efficiency programs. Seasonality, 
altitude and solar radiation are sometimes, but not often, combined with temperature, degree 
days, humidity or administrative division in these cases. These results indicate that very few 
aspects are actually taken into account in the current climatic zoning methodologies. A 
possible explanation for this result is the difficulty of handling large datasets, with several 
variables sparsely distributed in space. The recent popularization of Geographic Information 
Systems (GIS) greatly facilitates the necessary data manipulation for climatic zoning. 
Nevertheless GIS does not solve by itself the methodological challenge of extracting 
meaningful zones from several climatic variables. In face of this challenge, most countries 
appear to create an initial version of the climatic zoning using single variables and adopting 
bandwidths of arbitrary size. This initial version is then refined by sub-dividing zones based 
on a second or third variable, such as humidity and/or solar radiation. This straightforward 
approach can certainly produce useful results, as most countries are currently adopting 
climatic zoning based on it. Nevertheless it has major limitations which were highlighted in 





The following conclusions can be drawn from the large amount of data collected and analysed 
in this chapter: 
Approximately 70% of the world land surface is subject to climate zoning for 
building energy efficiency programs, representing 71% of world population and 85% of the 
total primary energy consumption. 
A significant number of countries revised or introduced climatic zoning in the last 
15 years. 
The number of zones has no direct relation with the country area, varying in area 
from approximately 10
3
 km² to approximately 1.8 10
6
 km².  
The number of zones does not seem to be related to climatic variations, but it is 
most probably driven by the expected simplicity of the final climatic zoning (with up to 8 
zones being the standard practice).  
This review could not identify any scientific method widely accepted to deal with 
the trade-offs between complexity and accuracy in the definition of the number of climatic 
zones necessary in a country for a given purpose (e.g. regulation and design guidelines). 
Climate zones for building energy efficiency programs are developed with a 
variety of goals, but most of them (86%) are designed to support performance-based and/or 
prescriptive-based requirements for building regulation. 
The most used variables, techniques and parameters for climate zoning are: 
temperature, degree days, altitude and relative humidity.  
Four out of five cases analysed in this study (78%) used up to three 
variables/techniques/parameters to define climatic zoning for building energy efficiency 
programs. This simplicity comes at the cost of ignoring several aspects of climate and 
building energy performance. 
There is an increase over the years in the use of building performance simulation 
to assist in the definition of climate zones, moving from a weather-based approach to a 
performance-based approach. There is no established framework for the use of simulation in 
the definition of climate zones for building energy programs. 
From the techniques identified in this review, only the combination of building 
performance simulation and cluster analysis seems to provide robust tools to tackle the 




necessarily lead to improved climatic zoning, but they provide the means to explore scenarios 
and support evidence-based decision making in energy policy. 
The lack of consensus in several aspects of climate zoning in different countries 
indicates the need for further research in this area. 
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 CASE STUDY OF THIS RESEARCH -CONTEXT  4
Trends in the growth rate indicate that in 2050 the half of the world population will be living 
in the tropics [1]. Most of the countries situated in this region are in development and 
consequently associated with lack of energy framework for buildings [2–4]. Nicaragua is an 
example of these countries with no building energy regulation [3,4], resulting in buildings 
with either high energy consuming HVAC systems or low thermal comfort in those with no 
HVAC. The lack of regulations makes Nicaragua a potential candidate for climatic zoning 
implementation and comparison with no bias towards any existing methodology. Hence, this 
country is ideal for the present study because findings will be solely seen from the scientific 
point of view, with no direct implications on existing policies. It is also a small country, 
which highlights climatic variations in small territories and favors comparisons of different 
climatic methods. This section briefly describes the country geography, climate, housing 
and energy context, in order to facilitate the understanding of the findings of this study.  
4.1 Geography 
Nicaragua is the largest country of Central America and it is situated in the tropics, between 
12˚ and 15˚ North Latitude and 86˚ and 87˚ West Longitude. It has an extension of 130 000 
km². It is a developing country characterized as low average income [5] with a population of 
approximately 6.08 million (2013) distributed heterogeneously in three Geographic Regions: 
The Pacific Region, Central Region and Atlantic Region. Most of the population lives in the 
Pacific Region (64%), where the capital (Managua) is situated (Figure 1). 
Figure 1 Nicaragua localization, population distribution and administrative division 
 
Extension: 130 000 km² 
Capital city: Managua 
Urban population: 58% 
Population density 2012 
(Pop. Per km²): 
Pacific region 193 
(64%) 
Central region 53 
(26%) 
Atlantic region 10.5 
(10%) 
 
Location: Between 10° 42'' 
and 15° 01'' North latitude. 
And between 83° 11' and 87° 






Nicaragua has a variety of topography, climates and microclimates, leading to different 
thermal comfort requirements for buildings. According to Köppen-Garcia climate 
classification, the prevailing climate conditions are categorized as warm sub humid (Aw0, 
Aw1, Aw2) and monsoon climate (Am) (Figure 2). In the rest of the country, there are 
microclimates presenting particular conditions such as warm semiarid BS1(h')w, tropical 
rainforest (AM(f)), semi-warm sub humid (A(C)W1, A(C)W2), temperate rainforest 
(C(A)Cam), and A(x'), S(x') [6]. Table 1 synthesizes the main characteristics of these climate 
types. 
Table 1 Climatic classification of Nicaragua according Köppen-Garcia [6] 













Aw1 43.2 -55.3 
Aw2 >55.3 
Am 25-26 2000-4000 
A(f ) 25 -27 5000-6000 
BS 1 23-27 650 - 800 
C [(A) Cam] 18 1000-1800 
A(C)W1/ A(C)W2 20-22 1100-1600 
A(x') / S(x') 19-21 1300-1600 
* Rainfall Index of Lang. Yearly mean precipitation (mm)/yearly mean temperature (°C) 





4.3 Housing in  Nicaragua 
Nicaragua is considered as one of the least developed countries in the Americas [5] and has 
the highest housing deficit in the region reaching 78% of its total population of 6.08 million 
[7](Figure 3). This housing deficit can be characterized into both qualitative and quantitative 
dimensions, which means that at least 567 079 of the existing houses need to be improved and 
additional 318 982 houses need to be built in order to fill this gap [7]. In addition to this, cities 
are expanding exponentially as a result of population growth that implies that at least 20,000 
more new houses are needed to be built every year to meet the demand of the population 
growth.  
Figure 3 a) Percentage of Latin American homeless families or living in precarious 
housing, b) Housing deficit in Central America [7] 
 
Regarding the qualitative deficit, the main problems of existing houses that need 
to be improved are the lack of electricity, sanitation or piped water. This lack of infrastructure 
affects 21% of the existing houses.  In addition to this, around 12% of the existing houses 
present poor material conditions such as poor roof, dirt floor and poor walls. Quantitative 
deficit, which means the new houses that need to be built, are related to overcrowding, lack of 





Figure 4 Problems that contribute to the housing deficit in Latin America [7] 
 
  
In order to overcome this housing deficit in Nicaragua, governmental institutions 
and private entities embarked on a massive production of low cost housing reaching 
approximately 4% of the total deficit during the period of 2007-2011[8]. Most of these new 





new buildings are designed without any thermal comfort criteria and replicated all across the 
country.  
It is important to note that in addition to the housing deficit, there are other 
qualitative problems in residential buildings in Nicaragua due to the tendency of looking for 
the cheapest construction solutions, thereby compromising the thermal performance of 
buildings. A survey conducted all across the country in 2001 by the National Institute of 
Statistics of Nicaragua showed that 67.7% of the existing dwellings had zinc-corrugated 
roofing and 31.96% had concrete block walls [9] (Figure 5). It should be empathized that 
construction practices do not change rapidly in this country, and these materials continue to be 
the most used in residential projects due to economic practical reasons [10]. Although they are 
readily available and relatively low-cost materials, they have a poor thermal performance that 
causes the indoor environments to be prone to overheating [11]. 







4.4  Nicaraguan Energy Outlook  
Nicaragua has many extensive renewable energy resources due to its geographic location, 
however, recent studies suggest that only 8% of such a potential is exploited [12]. A sample 
of this underutilization of resources is the Nicaraguan energy matrix which is highly 
dependent on fossil fuel (Figure 6a).  
Despite all, in Nicaragua there are energy policies promoting clean renewable 
energy generation. For instance, the Ministry of Energy and Mines of Nicaragua [13] has 
projected a national renewable energy action plan, consisting in reaching over 72% energy 
generation from renewable sources by 2018 and 91% by 2027 (Figure 6b): 
Figure 6 a) Nicaragua's energy matrix (2013), b) projected energy matrix (2018-
2027)[13]  
 
4.5 Energy consumption by sectors 
The residential sector is the largest consumer of primary energy in Nicaragua. During 2013, 
residences were responsible for more than 35% of total national electricity consumption, 
followed by commercial sector (27%) and industrial sector (24,4%). Energy demand in 
residential sector also showed gradual increase during the period from 2004 to 2013, reaching 
increments of 6% (Figure 7). Such increment is due to the expansion of electric coverage and 





Figure 7 a) National electricity consumption billed in 2013, b) The evolution of energy 
consumption in industrial, commercial and residential sectors during the period (2004-
2013) [14] 
 
According to the Ministry of Energy and Mines of Nicaragua (2010), energy 
demand of residential sector is mainly influenced by the use of electric refrigeration and 
lighting appliances. The impact of other types of appliances such as air conditioning has more 
importance in the commercial and public sector. These patterns of consumption in Nicaragua 
differ from other countries where HVAC systems are core issues concerning energy 
efficiency policies in residential buildings.  This particularity is due to socioeconomic aspects 





Figure 8 Energy consumption in the residential, commercial and public sector 
 
4.6 Electrification 
More than 1,3 billion people live without electricity in the world (Figure 9) .In Latin America, 
the lack of access to electricity reaches 24 million people [16] and in Nicaragua 1.47 million 
people. This figure is equivalent to 24% of the Nicaraguan population, from which 671,220 
people live in urban areas and more than 806,474 people live in rural areas [17] (Figure 
10).This data implies that the lack of electricity reaches approximately 128,603 houses in 
urban areas and 149,261 houses in rural areas (Figure 10c). The geographical distribution of 
this coverage is proportional to the population concentration located mainly in the Pacific 
region (Figure10). 






Figure 10  a) Electricity coverage Nicaragua, b) access to electricity (%) in Central 
America[18],  c) Access to electricity, urban (% of urban population) and rural (% 
of rural population)[17] 
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Climatic zoning for building energy efficiency applications is a key element in many 
programs and policies to improve thermal performance of buildings. In spite of its 
importance, there is no consensus about the appropriate methodology for climatic zoning. 
Previous studies indicate a large variety of methods and parameters are currently used for 
climatic zoning:  degree-days, cluster analysis and administrative divisions are some of the 
most widely used. This study reports and reviews results obtained with these three 
methodologies for Nicaragua, a small country in Latin America. Results indicate a high level 
of agreement between the different methodologies, but they also disagree on the appropriate 
classification of a significant proportion of the country (37% of Nicaragua’s territory). The 
three methodologies have strengths and weaknesses, and at present it is impossible to 
conclude which one is the most appropriate to support building energy efficiency programs 
and policies. Results of this chapter highlight the need for procedures and performance 
indicators to assess the validity of climatic zoning (which shall be addressed by future 
studies). 
Keywords: Climatic zoning, building energy efficiency, cluster analysis, degree-days method. 
  
5.1  Introduction 
Climatic zoning for building energy efficiency applications is a key element in many 
programs and policies to improve thermal performance of buildings [1–5]. For this reason, 
climatic zoning has been widely implemented globally since the 1949, covering at least 54 
countries which are responsible for more than 85% of the world primary energy consumption 
and host approximately 71% of the world’s population. Despite this wide use, there is no 
consensus on the appropriate methodology to conduct climatic zoning for building energy 
efficiency applications [6]. This lack of consensus is evident by the large number of climatic 
zoning methodologies, variables and parameters currently applied by different countries to 
define climatic zones [7–26]. 
                                                             




Climatic zoning for building energy efficiency purposes based on degree-days 
[27] is one of the most used methodologies, being adopted in more than 20 countries [6]. This 
approach is commonly defined as the sum, on a daily basis, of the difference in temperature 
between the outdoor mean temperature over a 24-hour period and a given base temperature 
[27,28]. Degree-days allow straightforward comparison between climates and is highly 
correlated with energy use by heating, ventilation and air conditioning (HVAC) systems [28], 
particularly in cold climates. In spite of this correlation, the degree-days method only provides 
a partial understanding of the climate, as it disregards other climatic variables that may be 
relevant for energy consumption of buildings depending on the nature of the building and its 
location [29–31]. These additional variables are particularly important in hot humid climates, 
where ventilation, solar gains and latent loads have a large influence on building energy 
performance and thermal comfort [32]. For this reason, the degree-days method is often used 
in combination with other variables in the definition of climatic zoning, particularly relative 
humidity [1]. 
Although less common than the degree-days method, cluster analysis is becoming 
more widely used in many areas related to climate classification for building energy 
efficiency purposes [13,33–35]. Cluster analysis is a multivariate pattern recognition 
technique that handles various climatic variables simultaneously for a wide range of research 
questions [36–44]. This technique makes possible the use of a large range of climatic and 
geographical variables which may influence building energy performance, avoiding the 
oversimplifications of climatic zoning methods based on a single or limited number of 
variables. 
Other parameters that are not directly climate-dependent are often used in the 
definition of climatic zones for buildings, like size of urban agglomeration [13] or 
administrative divisions. Administrative divisions have been used in at least 10 countries to 
support climatic zoning for building energy efficiency programs [12,14,45], with some 
countries adopting administrative divisions (county or state level) as climatic zones directly 
[12]. In other cases, the lack of high resolution weather data in some areas of the country 
hinders the definition of boundaries in transition areas between zones and, in these cases, 
administrative divisions are used to delimit particular climatic zones [46]. The main reason to 
use administrative division as climatic zoning criteria is the ease that this brings to the 




This large variety of methodologies for climatic zoning gives rise to criticism 
towards their use [2,47–51]. Other factors influencing such criticism are the arbitrary 
definition of the number of zones and zoning resolution, and uncertainties in the position of 
boundaries between zones [45,47]. This situation may compromise the adoption of building 
energy policies and programs based on climatic zoning; therefore, further studies are needed 
to investigate the most appropriate methodology.  
Limitations of current climatic zoning methodologies are particularly relevant in 
tropical climates where, in many cases, buildings do not have HVAC systems. These 
buildings are usually poorly insulated and have a stronger interaction with climate than 
buildings with HVAC, being therefore more affected if climatic zoning ignores relevant 
climatic variables. In these countries, climatic zoning poses additional challenges as building 
performance is usually measured using frequency of discomfort rather than using energy 
consumption of HVAC systems [32,52–54]. Such a change in performance indicator brings 
new decision criteria for climatic zoning methodologies, as variables with minor impact in 
buildings with HVAC systems (e.g. wind speed and direction) may have a major impact in 
occupants’ thermal comfort in naturally ventilated buildings.  
In the past, a number of qualitative comparisons were published on the overall 
features of climatic zoning methodologies [1,6,55]. However, few efforts have been made to 
provide a quantitative comparison, contrasting results obtained using existing climatic zoning 
methods, identifying points of agreement and also areas where existing methods fail to 
capture climatic features of a region. The lack of studies comparing different climatic zoning 
processes hinders the selection of the most appropriate methodology for a given country. 
This chapter addresses this issue by providing a systematic comparison of results 
obtained from three climatic zoning methods: degree-days, cluster analysis and the use of 
climatic zones matching administrative divisions. These methodologies are responsible for 
approximately 54% of the climatic zoning currently being used worldwide (29 out of 54 
countries covered in a recent review [6]). Most countries adopt a given methodology and 
apply it to define their climatic zones, with no attempt to contrast results obtained using other 
methodologies. In the present study, these three methodologies were applied to generate 
different climatic zoning maps for Nicaragua, a small country in Central America, 
highlighting strengths and weaknesses of each methodology. This sort of comparison has not 





5.2  Materials and methods 
5.2.1 Overview of the methodology  
Figure 1 schematically represents the main elements of the research described in this chapter. 
A total of 328 files containing climatic data (Section 5.2.3) were obtained for the country of 
Nicaragua (Section 5.2.2). This data was pre-processed and applied to three difference zoning 
methods, considering a number of different criteria for each method (Section 5.2.4). Data for 
each methodology was post-processed using Geographical Information System (GIS) 
software and the results are presented and analysed in Section 5.3. Results of the selected 
zoning methodologies were then compared in detail, by overlapping different climatic zoning 
maps and identifying areas of the country where the results of all methods agree in 
classification (Section 5.4).  
Figure 1 Schematic overview of the methodology adopted in this study 
 
5.2.2  Area addressed in this study 
Nicaragua, a tropical country with moderate climatic variations situated in Central America, 
was chosen for this study. Nicaragua has no energy regulation for buildings [56,57], resulting 
in buildings with either high energy consuming HVAC systems or low thermal comfort in 
those without HVAC. The lack of regulations makes Nicaragua a potential candidate for 
climatic zoning implementation with no bias towards any existing methodology. Hence, this 
country is ideal for the present study because findings can be viewed solely from the scientific 
point of view, with no direct implications on existing policies. It is also a small country, with 
the moderate climatic variations associated with similar-sized areas, allowing the 
effectiveness of each method to be tested at this resolution. This section briefly describes the 
geography and climate of Nicaragua, in order to facilitate the understanding of the findings of 




Nicaragua is the largest country in Central America and it is situated in the 
tropics, between 12˚ and 15˚ North Latitude and 86˚ and 87˚ West Longitude. It has an area of 
130 000 km² and it is divided into three administrative regions depicted in Figure 2a: the 
Pacific Region which is the smallest, driest and warmest region of the country, the Central 
Region, presenting the coolest and highest areas of the country (up to 2100m altitude); and the 
Atlantic Region, presenting the largest and most humid areas of the country. Figure 2a also 
shows population density data that reveals large concentrations in the Pacific region, close to 
the capital Managua and the lakes Xolotlán and Cocibolca. The three administrative divisions 
are largely conditioned by the country topography (Figure 2b). Figure 2c, 2d and 2e, show 
average values of temperatures, annual precipitation and relative humidity. The next section 
describes the climatic data sources used in the present study.  
Figure 2  a) Nicaragua regions and population density, b) topography [58], c) average 
annual temperatures [59], d) annual precipitation [59] and e) average annual relative 






5.2.3 Climatic data sources 
Weather data quality and coverage vary from country to country. The present study is not 
primarily focused on data availability and treatment, therefore weather was considered a 
boundary condition of this work. As such, the study was conducted using data provided by 
Autodesk Green Building Studio (GBS) [61,62]. GBS weather data was chosen as it is 
capable of providing accurate values [63] for several climatic variables at high temporal and 
spatial resolution (hourly data for a typical year at a spatial resolution of approximately 20km 
globally). GBS weather data is based on a combination of observational data and weather 
modelling using the Rapid Update Cycle (RUC) [64] and Mesoscale Meteorological Model 
version 5 (MM5) [65]. GBS weather data is available in binary DOE2 format including hourly 
data of dry bulb temperature, dew point temperature, relative humidity, wind speed and 
direction, direct normal radiation, global and diffuse horizontal radiation, total sky cover. In 
this study, GBS weather data for 328 locations was used for the climatic zoning. 
5.2.4  Methods for climatic zoning 
5.2.4.1 Degree-days 
There are several degree-days calculation methods applied for climatic zoning [27,45,66,67]. 
In this study, Cooling-Degree Days base Cº10 (here referred as CDD10) was calculated based 
on the ASHRAE method [27]. Weather data from 328 locations in Nicaragua were converted 
to Energy plus files (.EPW) using the Elements tool [68]. EPW files were further processed in 
the EnergyPlus V8.5 conversion tool [69] to generate reports of CDD10. These reports were 
exported to ArcGIS 10.4 [70] where CDD10 maps were generated. Interpolation was 
performed based on the inverse distance weighting method [71]. Based on this data, four 
maps were generated. 
In the first map, CDD10 was plotted with no specific bands definition using 
gradient colours in order to have a detailed representation of the variation of CDD10. Based 
on the first CDD10 map, climatic zones were defined in a second map according to the limits 
in ASHRAE Standard 169-2013 [27], as summarized in Figure 3. Zones based on CDD10 
were then refined based on precipitation (a proxy for humidity levels) using the algorithm in 
ASHRAE Standard 169-2013, summarized in Table 1 [27]. The impact of precipitation on 
climatic zoning was calculated for each location by implementing this algorithm on the 





Figure 3 ASHRAE climate zones as function of heating and cooling degree-days [27] 
 
Table 1 ASHRAE climate zones based on precipitation [27] 
Classification Criteria 
C - Marine Locations meeting all four of the following criteria:  
 Mean temperature of coldest month between -3°C and 18°C 
 Warmest month mean temperature less than 22°C 
 At least four months with mean temperatures over 10°C 
 Dry season in summer. The month with the heaviest precipitation in 
the cold season has at least three times as much precipitation as the 
month with the least precipitation in the rest of the year. The cold 
season is October through March in the Northern Hemisphere and 
April through September in the Southern Hemisphere. 
B - Dry Locations that are not Marine based on criteria above and that meet the 
following criterion: 
 P < 2.0 × (T + 7), where:  
P = annual precipitation [cm] 
T = annual mean temperature [°C]. 
A - Moist Locations that are not Marine nor Dry based on criteria above. 
 
Two additional climatic zoning options were developed in order to explore other 
zoning thresholds than the ones prescribed by ASHRAE Standard 169-2013. The third 
CDD10 map was developed using the CDD10 limits proposed by ASHRAE shifted by +500. 
This map was used to investigate the robustness of climatic zoning to uncertainties in the 




the range of CDD10 values found in Nicaragua, providing the means to explore a coarser 
zoning than the one prescribed by ASHRAE. 
5.2.4.2  Cluster analysis  
There are different cluster analysis techniques, used either alone or in combination with factor 
analysis or principal component analysis to pre-process data and reduce the number of 
variables for clustering [13,72–75]. In this study, the spatial statistics tool from ArcGIS 10.4 
was used for cluster analysis based on five climate variables (CDD10 calculated as described 
in Section 5.2.4.1, maximum temperatures (TMAX), average annual relative humidity (RH), 
total annual global solar radiation (G) and average annual wind speed (v)). This selection of 
variables aims at complementing the classic degree-days variables (CDD10 and humidity) 
with information on daily amplitude (maximum temperatures), radiation level (strongly 
affected by nebulosity and altitude) and wind speed. A limited selection of commonly used 
variables was also used in order facilitate comparison with other climatic zoning methods. 
Climate data was extracted from GBS binary files using the weather statistics and 
conversion tool from EnergyPlus v8.5. Matlab R2014 routines were created in order to 
automatically extract relevant values and export them to ArcGIS 10.4 in comma separated 
values (.CSV) format. Cluster analysis was carried out using spatial constraints based on the 
K-nearest neighbors algorithm [76], to ensure that climatic zones would not be fragmented 
over the territory. All the variables were equally weighted and normalized. Different maps 
with two, three and four clusters were generated, accompanied by graphs depicting climatic 
variables in each of the clusters in each map.  
5.2.4.3 Administrative division 
Administrative boundaries between the three main geographic regions of Nicaragua (Central, 
Atlantic and Pacific Region – see Figure 2) were used to define one option of climatic zoning. 
Those boundaries were delineated in ArcGIS 10.4. 
5.2.5 Results analysis approach 
The main analysis of this study is concerned with the identification of areas of the country 
where different climatic zoning methodologies provide the same classification, i.e. all 
methodologies generate identical results. The percentage of these areas was calculated and the 
reasons for such agreement discussed. Areas with overlap using some, but not all, 
methodologies were then identified. Reasons for disagreement in classifications are discussed, 




5.3  Climatic zoning results using different methodologies 
5.3.1 Climatic zoning based on degree-days 
CDD10 results for the overall Nicaraguan territory were initially plotted for visualization 
purposes considering a global distribution of degree-days with no specific zone definition 
(Figure 4a). They show significant differences in climate in spite of the small area. As shown, 
there is a colder zone in the central-north region, which is coincident with higher altitudes. 
The Pacific Region in the south-west (where most of the population lives) represents the 
hottest regions of the country. Figure 4b shows the climatic zoning according to ASHRAE 
Standard 169-2013 limits [27], where Nicaragua is characterised by three climate 
classifications: 0A, 1A and 2A. In spite of having dry regions, the whole of Nicaragua is 
considered a moist climate based on the ASHRAE criteria described in Table 1. In this 
chapter, these zones are renamed as 1, 2 and 3 in order to facilitate comparison with results 
obtained using other climatic zoning methodologies (presented in the following sections).  
It is noticeable that ASHRAE CDD10 zone definition ranges are not uniform and 
can be considered to a certain degree to be arbitrary. Even if the ranges have the same width, 
the comparison of Figure 4b and Figure 4c, where ranges were shifted +500, reveals that the 
same methodology could be used to obtain climatic zoning with significant differences. Such 
variation can be further observed by reducing the number of zones to two (Figure 4d). Results 
in Figure 4 indicate the importance of defining appropriate ranges, but at the moment there 
are no criteria or methods based on extensive studies and empirical evidence to guide this 
decision. Consequently, when applying the degree-day method most countries adopt the zone 
definition ranges proposed by ASHRAE as no validated alternative is available. 
Figure 4  Maps using degree-day method a) distribution of degree-days using colour 
gradient, b) zones based on ranges according to the ASRHAE Standard 169-2013, c) 






5.3.2 Climatic zoning based on cluster analysis  
Figures 5a, b and c show maps of climatic zoning using two, three and four clusters 
respectively. Each map is accompanied by a box plot, showing the mean value in each cluster 
for each of the five climatic variables used in the cluster analysis. These box plots indicate the 
minimum, median, maximum values and quartiles for each variable used in the analysis 
considering climatic variations over the entire country.  
The zoning with two clusters (Figure 5a) shows zones of similar size, one close to 
the Pacific and another in the Atlantic region. From the boxplot, it is clear that this zoning is 
mainly driven by differences in temperatures, humidity and solar radiation. Zone 1 is hot and 
dry, with CDD10 and solar radiation close to the total upper quartile, relative humidity in the 
lower quartile and maximum temperature close to the upper quartile (low humidity is 
associated with larger daily amplitude and higher maximum temperatures). Zone 2 is more 
humid and less hot than Zone 1, with an opposite behaviour of climatic variables in the 
boxplot. Figure 5a is significantly different from the degree-days results using two zones 
(Figure 4d), where temperature differences driven by altitude played a major role. It may be 
possible, but unlikely, that Figure 4d or Figure 5a is ideal climatic zoning for Nicaragua. 
Unfortunately, there are no tested means reported in the literature to verify this claim. This 
large discrepancy in classification using degree-days and clusters may actually indicate that 
such low resolution (i.e. two zones) is not sufficient to capture the climatic variation in this 
country. For this reason, climatic zoning with only two zones is not further considered as a 
viable option for climatic zoning in this case study and it is assumed that major discrepancies 
between results of state-of-the-art climatic zoning methodologies may indicate problems in 
the zoning resolution. 
Figure 5b shows the three-cluster climatic zoning map with zones associated with 
the Pacific and Atlantic coasts and the high altitude area in the middle of the country. 
Comparing this map with the two-cluster option shows that Zone 1 remains unchanged, while 
Zone 2 was divided creating Zone 3. Zone 3 is the coolest zone in the country, characterized 
by low temperature-related variables and intermediate relative humidity, wind speed and solar 
radiation. The three-cluster climatic zoning shows major similarities with the zoning using the 
ASHRAE degree-day method (Figure 4b). The implications of such similarities will be further 
discussed in Section 5.4. 
Figure 5c shows the four-cluster climatic zoning map in which Zone 1 was 




region. Zones 1 and 4 show significant differences when data in the box plot is analysed. 
Zone 4 has higher humidity, higher wind speed and lower maximum temperatures, which can 
be explained by the presence of a large mass of water in Lake Cocibolca and the narrowness 
of the region which contributes to an increase in air currents. This feature of Zone 4 has not 
been captured by degree-days zoning nor in the three-cluster zoning. While the use of four 
climatic zones refines the differentiation of the climate, it is unclear if differences between 
Zones 1 and 4 are significant in terms of building performance. The zoning process is based 
on sacrificing a degree of accuracy to achieve an effective, yet simplified, set of climate 
zones. With no information on actual building performance in these areas it is impossible to 
assess the impact on energy policy and regulations of using either three or four zones during 
the cluster analysis.  
Figure 5  Climatic zoning using cluster analysis with a) two-cluster zoning, b) three-
cluster zoning and c) four-cluster zoning (accompanied by boxplots showing 





5.3.3 Climatic zoning based on administrative divisions 
In this study, administrative boundaries between the three main regions (Figure 6) were also 
investigated as a possible climatic zoning basis. In Nicaragua, as in many countries, 
geographical features were important driving forces in the occupation of the territory with 
direct impact on the definition of administrative zones. Most of these geographical features 
are also important drivers of climatic variation, therefore it is unsurprising that Figure 6 shows 
a remarkable resemblance with climatic zoning results obtained with degree-days (Figure 4b) 
and cluster analysis (Figure 5b). The only major difference resides in the south part of zone 3, 
as this area is consistently classified as zone 2 by the degree-days and cluster analysis 
methods. This area is not highly populated (see Figure 2a) and one may argue that 
misclassifying this area has a minor impact on energy policy when compared to the 
convenience of having climatic zones matching administrative divisions. None of the climatic 
zoning methodologies adopts information on building energy performance, therefore it is 
impossible to assess the impact of using Figure 6 as the climatic zoning of Nicaragua based 
on the analysis provided in this chapter.  
 Figure 6 Climatic zoning based on administrative division 
 
5.4 Comparison of climatic zones results obtained using different methodologies 
Figure 7 shows a map indicating the overlap areas of the different climatic zoning results 




zoning (Figure 5b and Figure 5c) and administrative divisions (Figure 6). The comparison of 
results of different models is a recognized technique in the assessment of model quality [77]. 
This section identifies the regions where different climatic zoning methods provide similar 
results and regions where they disagree, supporting a discussion about the strengths and 
weaknesses of each methodology. 
 Figure 7 Areas of overlap between different climatic zoning results  
 
 
Zones 1, 2 and 3 (Figure 7) are regions where all methodologies consistently 
identify the same climatic zoning basis. These zones correspond to 63% of the country land 
area and for these regions any methodology can be used as results will be identical. Such a 
level of agreement using significantly different state-of-the-art methodologies gives 
confidence that the climatic zoning in this region represents the best knowledge current 
available in this field. However, as in any intermodel-comparison exercise, the fact that all 
methodologies indicate the same classification for Zones 1, 2 and 3 does not ensure that 
building energy performance will have a perfect correspondence to climatic zoning. This only 
indicates that, for this particular country, a high level of agreement is achieved using current 
methodologies for climatic zoning, including using Administrative Divisions which has no 




Even though all the methodologies agree in the classification of Zones 1, 2 and 3, 
a significant variation of temperature was encountered within certain regions, as for example 
in Zone 2 (Atlantic Coast). The temperature variation of each point located in this region was 
examined throughout the year (Figure 8). This figure shows differences in minimum 
temperatures between different points within the zone reaching almost 10°C. Maximum and 
mean temperatures show lower variations when compared with minimum temperatures, 
however, such differences may imply significantly different thermal performance of buildings 
within the same climatic zone. In particular, buildings relying on passive cooling techniques, 
such as night ventilation in conjunction with high thermal mass, can make use of larger 
thermal amplitudes and, in this case, differences in minimum temperature in the order of 10 
°C may not be negligible for building performance. Figure 8 therefore highlights that each 
defined climatic zone may also have significant climatic variation within the zone, potentially 
compromising the use of such climatic zoning. 
  
Figure 8 Significant variations of climatic conditions within Zone 2  
 
Area A (Figure 7, in dark grey) indicates the coastal Atlantic region, which is 
classified as Zone 1 by the degree-days method (Figure 4b), but is classified as Zone 2 by all 
other methods (Figure 5 and Figure 6). Figure 4a shows that this area is not significantly 
warmer than the adjacent one. However, the arbitrary zone definition ranges adopted in the 
ASHRAE method would separate the Atlantic region in two zones while the local population 
may understand it as a reasonably uniform area in terms of weather. Figure 9 further 
illustrates how similar the temperature is throughout the year in this area when compared with 
the adjacent Zone 2. Maximum temperatures encountered in Area A are closer to the 
temperature profile of Zone 2 than of Zone 1. Nevertheless, Area A belongs to Zone 1 
according to the ASHRAE method (Zone 1 in Figure 4b).  Such arbitrary definition of zone 




zoning. This is exemplified in the comparison of Figure 4b and Figure 4c, both based on the 
same degree-day data (from Figure 4a) but relying on slightly different ranges. In Figure 4c, 
the areas close to the Atlantic are unified in a single zone, while a new zone of extreme hot 
climate appears in the Pacific coast. The proposal in Figure 4c is neither better nor worse than 
the one based on ASHRAE ranges, as the small zone close to the Pacific will suffer from the 
problems described above, i.e. different climatic zoning for neighbouring areas with 
apparently similar conditions. The issues posed by Area A in Figure 7 demonstrate the 
limitations of arbitrary ranges for climatic zoning. Climatic zoning is usually adopted to 
define suitable building characteristics (e.g. U-value and window-to-wall-ratio (WWR)) or 
performance targets (e.g. primary energy consumption below a certain threshold). Arbitrary 
zone ranges are not connected to either building characteristics or performance targets, which 
undermines decision making in the climatic zoning process. The information produced in the 
present study is insufficient to determine if Area A (Figure 7) should be included in Zone 1 or 
2; however, it is clear that more rigorous approaches are necessary to support the definition of 
zone definition ranges for climatic zoning purposes. 
  
Figure 9 Negligible differences in maximum temperature variation between Zone 2 
and Area A  
 
Area B (Figure 7, in dark grey) highlights the results of the four-cluster climatic 
zoning discussed in Section 5.3.2 (Figure 5c). The lower extreme temperatures (4 °C 
reduction in maximum temperature, Figure 10a) and significantly higher wind speeds (Figure 




the design of passive strategies, particularly in naturally ventilated buildings, and these 
features were not identified using the other methodologies covered in this study. An increase 
in wind speed implies a wider range of comfort temperatures, which means that passive 
strategies can be enough to achieve thermal comfort during longer periods of the year.  In 
Figure 10c, an adaptive chart based on the EN-15215 comfort model indicates thermal 
comfort (Category I) for a wind speed of 3m/s and an air temperature of 35°C, i.e. 
representative conditions of Area B. In contrast, the same model indicates thermal discomfort 
in Zone 1 due to higher temperatures (maximum and mean running) and lower air velocities 
than Area B, indicating that comfort can only be achieved using active systems. Area B is 
densely populated, so differences in climatic zoning would have direct impact on the 
construction industry. Therefore, one may argue it is reasonable to adopt this region as a 
separate climatic zone based on data in the boxplot graph and climatic charts of Figure 10. 
However, it is impossible to take an informed decision based only on the information 
provided in this study, i.e. with no information on the actual building performance variation in 
this region. Climatic zoning usually implies that “In the context of building regulations, 
climatic zones are regions which exhibit similar meteorological conditions for the main 
climatic parameters which affect the heating and cooling energy requirements of buildings” 
[2]. This weather-centered definition of climatic zoning is valid for both the degree-days 
methods and cluster methods, and yet, it does not provide decision making criteria regarding 
which of them is the most suitable for the case of Nicaragua. This dilemma is clearly 
exemplified by Area B (Figure 7).  
 Figure 10 Comparison of two points located in Zone 1 and Area B a) a typical 
summer day temperature oscillation and b) annual frequency distribution of wind 





Area C (Figure 7, in dark grey) shows the region where administrative divisions 
differ from climatic zoning by degree-days and cluster analysis. This case was discussed in 
Section 5.3.3 and highlights the conflict between simplicity and accuracy in climatic zoning. 
As in other regions previously discussed in this section, the lack of building performance data 
for this region hinders an informed decision on adopting Nicaragua’s administrative divisions 
as the basis for climatic zoning.  
Area D (Figure 7, in light grey) shows the transition region between zones, where 
a large disagreement is observed in results by different climatic zoning methodologies. The 
exact position of boundaries in all climatic zoning methodologies used in this study is 
somewhat arbitrary. While the exact boundary position is irrelevant for the bulk region 
representing the climatic zone, the regions close to these boundaries are directly affected by 
changes in zoning and energy policy. Being on the “right” side of the boundary may influence 
building requirements, subsidies, performance targets and other aspects with high impact to 
the construction industry. Area D shows that a significant part of the country is affected by 
uncertainties in the definition of boundaries for climatic zoning.  
Figure 11 exemplifies the challenges in the classification of that area, whose 
temperature behaviour falls in the middle of two adjacent and distinctive zones (Zone 1 and 
Zone 3). Just by taking into account air temperature, it could be argued that this area should 
belong to Zone 2, as indicated by the CDD method (Figure 4b), however, other important 
features for thermal comfort and building performance are significantly different between 
points located in humid Zone 2 and in the dry Area D (Figure 11b). Differences in relative 
humidity, particularly in the warmest months of March and April, imply that some cooling 
strategies, such as evaporative cooling, would be feasible in Area D but not in Zone 2. The 
same applies for indoor air quality issues related to surface condensation and mould growth, 
which are more likely to occur in Zone 2 than Area D, influencing requirements for fresh air 




Figure 11 a) Transition area monthly temperature behaviour compared to points in 
Zones 1, 2 and 3, b) Mean monthly relative humidity in two points located in Zone 2 
and Area D 
 
The results presented in this section demonstrate a reasonable level of agreement 
among different methods, but also highlights the many challenges faced when zoning areas 
where methods disagree on the classification. Regarding choosing an appropriate method for 
climatic zoning of Nicaragua, the degree-days method has proven to be one of the most used 
methods for climatic zoning and has many advantages over the cluster method, such as the 
ease of application and limited number of input variables. This method can be applied in any 
context as long as temperature data is available. The definition of custom thresholds for 
Nicaragua can greatly improve the application of the degree-days method and would make it 
the adequate choice for climatic zoning aimed only at buildings with standard mechanical 
HVAC systems (e.g. air-source heat pumps). Cluster analysis takes into account more 
complex relationships between climatic variables, and consequently, requires more 
comprehensive input data. The successful use of the cluster method depends on the proper 
selection of input variables and decision criteria, e.g. spatial constraints. Cluster analysis can 
identify areas with particular climatic features (e.g. Area B in Figure 7), which may be more 
appropriate for buildings using passive cooling techniques (e.g. night ventilation) or less 
conventional mechanical cooling solutions (e.g. evaporative cooling). Cluster analysis should 
therefore be applied in climatic zoning uses for Nicaragua primarily aimed at buildings 
without an HVAC system. Differences in applicability of the degree-day and cluster methods 
stress the strong connection between the optimum climatic zoning methodology, buildings 
features in a particular country and performance indicators of interest (e.g. energy demand, 




attempts to link these elements using building performance simulation, but there is no 
framework currently established and validated to apply simulation in climatic zoning. 
Building performance data obtained by simulation or measurements could be used 
in future work to overcome current climatic zoning limitations, shedding light on the complex 
relationship between climate, climatic zoning and thermal performance of buildings. 
However, building performance indicators and performance variation threshold vary 
substantially from building to building, as each building has different sensitivities to climatic 
variables due to its particular geometry, fenestration and orientation. These differences in 
sensitivity suggest that the definition or validation of climatic zones using simulation must be 
preceded by the definition of one or more buildings representing the entire building stock of 
the region. The aims for such climatic zoning analysis must also be clearly defined, as the 
ideal climatic zoning for buildings relying on HVAC may differ from non-conditioned 
buildings. In spite of the challenges on the application of building simulation to climatic 
zoning, this approach may be the most suitable to tackle the significant proportion of 
Nicaraguan territory where existing methodologies provide conflicting zoning results (in grey 
in Figure 7). 
  
5.5  Conclusions 
Based on the data and analysis provided in this chapter, the following conclusions 
can be drawn: 
• Comparison of results from different climatic zoning methodologies has 
clarified some of their strengths and weaknesses proving to be a useful approach to studying 
existing methodologies. 
• Comparison of results from different climatic zoning methodologies has been 
useful to demonstrate the minimum required resolution in the particular case study addressed 
in this chapter. The division of Nicaragua into two zones based on degree-days and cluster 
analysis proved to be insufficient to capture climatic variations throughout the country, as 
results using different climatic zoning methodologies are significantly different.  
• The methodologies analysed in this chapter showed a significant level of 
agreement in the zoning of a small country in Central America (63% of the territory). 
• In 37% of the country analysed in this study, one or more climatic zoning 




climatic zoning for building energy efficiency analysis plays a central role, even for a small 
country with moderate but distinct climatic variations.  
• There is a high uncertainty in transition areas, which may result in building 
requirements with no direct connection to performance. 
• Cluster analysis provides a more comprehensive understanding of the climate 
than the degree-days method and administrative divisions, which is demonstrated in the case 
study by the identification of a zone with moderate climate on the Pacific coast of Nicaragua. 
• Administrative division provided results very similar to degree-days and 
cluster analysis for the case study of Nicaragua, despite not being a directly climate-
dependent parameter. 
• Climatic zoning based purely on weather data is inherently based on arbitrary 
definitions of the number of zones and threshold between zones. There is no evidence that 
building requirements or building performance would be the same throughout the zone, nor 
that two zones would lead to significantly different performance or requirements.  
• This work could not identify procedures or performance indicators to assess the 
quality or validity of climatic zoning results. Without modelling studies, it is not possible to 
understand which climatic zoning methodology provides the most appropriate results for 
building energy policy and regulations. Future work must address this need in order to support 
decision making on climatic zoning. 
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 IMPROVING THERMAL COMFORT USING COST-EFFECTIVE 6
PASSIVE STRATEGIES. LESSONS FROM A SINGLE-FLOOR 







About 40% of the world population lives in the tropics. This region represents the highest 
urban growing potential few decades from now; therefore, building energy efficiency would 
be a key strategy from a global energy perspective. Building techniques used today in most 
developing countries situated in this region are associated with high-energy consumption and 
lack of thermal comfort due to the absence of energy policy framework for buildings. In this 
context, this study intends to improve thermal comfort of dwellings in Nicaragua using cost-
effective passive strategies. To achieve this goal, a representative house of Nicaragua is 
studied through a parametric analysis using EnergyPlus V8.2 and MatlabR2014. Solar 
absorptance and thermal transmittance of the opaque envelope, as well as the solar heat gain 
coefficient are the variables selected to be analysed. Discomfort hours based on the adaptive 
comfort model are used as performance indicator. Results indicate that the main variables 
affecting thermal comfort are associated with the roof and glazed areas. The solely 
implementation of a roof solar absorptance equal to 0.3, a Roof U-value equal or less than 
2W/m
2
-K and a solar heat gain coefficient equal or less than 0.4, allows reaching comfort 
80% of the time within 80% Acceptability limits. This work is a step towards wider 
researches and may significantly contribute to guidelines and regulations, particularly in 
developing countries with cooling dominated climates.  
Keywords: Parametric analysis, thermal comfort, adaptive model. 
 
6.1 Introduction  
Building techniques used today in developing countries are associated with high-energy 
consumption and lack of thermal comfort due to the absence of energy policy framework for 
buildings [1,2]. Those countries area mainly situated in the tropical region that plays a critical 
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role in the global energy panorama due to its rapid population growth [3]. Giving this 
situation, the definition of cost-effective passive strategies for hot climates becomes crucial; 
however, it is a complex task due to the interaction between several independent variables 
influencing thermal behaviour of buildings.  
In such a context, building energy simulation tools help understanding the 
complex interrelation between design decisions and performance parameters allowing the 
identification of potential problems and the appropriate design solutions in a reduce time and 
cost [4]. Those tools have continuously evolved and matured during the last 50 years [5–7]. In 
spite of that, their potential have rarely been harnessed because their use have been mostly 
restricted for code compliance checking and thermal load calculations for sizing HVAC 
equipments [8]. In order to overcome this situation, new approaches combining computer 
programming and parametric simulation methods have emerged in the last decades [9]. Those 
methods allow the analysis of several parameters simultaneously through numerical 
sequences achieving solutions near the optimum according to a pre-established criterion. The 
application of these methods has proven great potential in order to define prescriptive-based 
and performance-based requirements for buildings [10,11].  
In Latin-American countries, there are also efforts to find suitable solutions for 
thermal performance enhancement using parametric simulation [12,13]. However, any of 
those studies have been conducted in the context of Central America, where prevails a lack of 
building thermal regulations. Against this background, this study intends to apply robust and 
proven methods of thermal analysis based on simulation and automation in order to enhance 
the thermal performance of residential buildings in Nicaragua. 
The context 
Nicaragua is the biggest country of Central America and one of the poorest of the continent, 
classified as Lower middle income [14]. It is situated in the tropics, between 12˚ and 15˚ 
North Latitude and 86˚ and 87˚ West Longitude. Nicaragua's climate is mostly classified as 
savannah climate, monsoon climate, and tropical rainforest according to Koppen-García 
[15,16]. The country is divided into three distinct geographical regions, the Pacific, Central 
and Atlantic Region. The first one agglomerates 64% of the total population and it is exposed 





Figure 1 Main administrative regions and solar radiation map of Nicaragua 
 
The single-family detached dwelling is the dominant housing typology of this 
country [18], due to, among other factors, its extensive history of earthquake activity. This 
fact has influenced people’s preference for low-rise buildings.  
Most of these single-family detached dwellings are built without any thermal 
comfort criteria, due to the lack of National thermal regulations. Sample of this is the use of 
prevailing materials for the building envelope having a poor thermal performance, as at least 
two-thirds of the existing houses have a zinc corrugated roofing without any ceiling and at 
least one-third of the houses have concrete blocks walls [19] (See fig.2). The use of these 
materials contributes significantly to overheating and consequently to the lack of thermal 
comfort and high energy demand in buildings.  






6.2  Materials and methods 
The methodology is divided into four phases: 1) Selection of case studies, 2) Parametric 
variation, 3) Simulation using EnergyPlus V8.2 with the aid of Matlab R2014, 4) Performance 
indicator and 5) Sensitivity analysis. 
6.2.1  Selection of case studies  
We analysed one single-detached dwelling situated in the Pacific Region of Nicaragua. The 
selection of this model was based on its representativeness of Nicaraguan residential 
predominant type. The model information was obtained from databases of the 
Nicaraguan Urban and Rural Housing Institute (INVUR) and the Chamber of 
Nicaraguan Housing Developers (CADUR).  
The overall floor area of the model is 56m
2
 and its occupation is determined based 
on the standard average Nicaraguan family size with 6 people [20]. Its envelope composition 
is described in figure 3. 
Figure 3 Base case description 
 
6.2.2 Climate 
Parametric simulation was performed for five different climatic conditions (Figure 4b). Three 
of them are locations from the Pacific region of Nicaragua, host of 64% of the national 
population (Managua, Chinandega and Rivas) (Figure4 a). The remaining two locations are 
from the Central and Atlantic region of Honduras situated less than 50km from Nicaraguan 
border (Catacamas, Puerto Lempira).  
500 simulations were performed for each location. Results were compared and 
synthetized in order to extract the main outcomes of this study. Samples of one site location 




Figure 4 a) Graphical representation of population density in Nicaragua, b) 
Geographical location of weather data files used in this study 
 
6.2.3 Parametric variation  
The thermal transmittance (U-Value) and solar absorptance of the building envelope opaque 
surfaces as well as the Solar heat gain coefficient (SHGC) of the glazed surfaces are the 
variables selected to be automatically modified during the simulations. Combinations of 
parameters were conducted simultaneously through a random choice based in the 
Multiplicative Congruential Method [21]. 
Other passive strategies such as building and openings orientation, ventilation and 
solar shading systems are considered very important for tropical architecture; however, they 
are not implemented in this study because they are more difficult to apply in existing 
buildings. 
The base case thermal properties were established according to the real dwelling 
characteristics. Alternative solar absorptance and U-values were collected and calculated from 
constructions materials available in Nicaragua. Table 1. Summarizes these parameters. 
Table 1 Summary of base case and alternatives input 
Input parameters Base case energy 
model 
Range of values for 










] External walls 3.03 1.045-2.45 
Internal partitions 2.135 1.045-3.877 












 External walls 
0.8 0.3-0.8 
Roof 0.55 0.3- 0.8 




6.2.4 Simulation using Energy V8.2 plus with the aid of Matlab R2014. 
EnergyPlus V8.2 [22] was used to run 500 simulations for each location. The geometry of the 
base case was edited and imported from SketchupMake2015 to EnergyPlus V8.2 using 
Legacy1.6 Plug-in. MatlabR2014 [23] was used to execute four routines to automatize the 
process of input and output data. These routines were used according to the following 
sequence: 
• Automatic substitution of input values through a random choice based in the 
Multiplicative Congruential Method, running simulations and storing outputs.  
• Data extraction and generation of scatter plots of internal discomfort hours 
based on the ASHRAE 55 Adaptive model (80% acceptability status). 
• Automatic extraction of indoor operative temperatures. 
• Automatic extraction of U-values. 
6.2.5 Performance indicator 
Comfort hours based on the adaptive comfort model ASHRAE Standard 55-2010, Thermal 
Environmental Conditions for Human Occupancy were used as performance indicator. In this 
model, comfort temperature is defined according to the monthly mean outdoor air 
temperature, calculated as the simple average of the previous thirty daily average outdoor air 
temperatures. 
Two comfort regions are defined, 80% Acceptability and 90% acceptability. For 
this study, the 80% Acceptability status is considered, which means that upper and lower 
limits of the comfort region are calculated according to the next formula. 
80% Acceptability Limits: Tot = 0.31* To + 17.8 ± 3.5   (1) 
Where: 
Tot = operative temperature (°C), calculated as the average of the indoor air dry-
bulb temperature and the mean radiant temperature of zone inside surfaces. 
To – monthly mean outdoor air dry-bulb temperature (°C). 
Comfort hours were calculated for 24 hours of the day in order to reach a wide 
group of the society with diverse occupational patterns. In Nicaragua, most of the children 
and elderly people stay at home most of the time.  
6.2.6 Sensitivity analysis 
A global sensitivity analysis was performed [24–26] with the aim of identifying the influence 




analysis, the Pearson coefficient(r) was used considering the strength of relationship among 
variables according to table 2. 
Table 2 Strength of relationship according to Pearson coefficient 
Absolute Value of r (Pearson coefficient) Strength of Relationship 
r < 0.3 None or very weak 
0.3 < r < 0.7 Moderate 
r > 0.7 Strong 
 
6.2.7 Limitations 
This study is performed for one model of dwelling in order to make a parametric analysis, 
which is appropriated for a specific case without taking into account other variables; though, 
further research is needed in order to generalize the results. However, the representativeness 
of Nicaraguan dwellings through this model is considered significant, because at least 68% of 
Nicaraguan houses have a zinc corrugated roof and almost 32% of houses are made of 
concrete blocks.  
6.3  Results 
Results are presented in three phases. First of all, the thermal potential improvement in terms 
of reduction of the percentage of discomfort hours using different combinations of parameters 
is described for each climate. Secondly samples of simulations for one site location 
(Managua) are presented, showing a sensitivity analysis. Finally, the thermal properties of the 
most efficient cases are identified and analysed.  
6.3.1 Thermal comfort improvement potential 
In Managua, the result of 500 parametrical combinations achieves up to 85% reduction of 
discomfort hours in this case study. This potential reduction varies from 78% to 83% in other 




Figure 5 a) Discomfort reduction potential in different climates, b) Climate location 
 
A sample of simulation results from Managua is presented in Figure 6. As it can 
be noticed, the most efficient case encountered during simulations presents 2 539 less annual 
discomfort hours than the base case. Such a reduction is equivalent in average to 7 hours per 
day. This reduction potential fluctuates through the year according to climate conditions and 
orientation of the building. An example of this behaviour can be observed in Figure 7, where 
the average daily discomfort hour reduction potential of the living room is illustrated for each 
month. As it can be seen, during the months of January and February, the discomfort 
reduction potential is lower than in the period of June, July and August due to climatic 
variations such as solar radiation affecting that room which is orientated to the southeast. 
 
Figure 6 Thermal comfort improvement potential in Managua 






Figure 7 Average daily potential reduction of discomfort hour’s in the living room 
 
Thermal oscillation inside the living room is clearly reduced as a result of the 
parametrical variation. Figure 8 shows a comparison between the base case and the improved 
case. This figure illustrate the relationship between the indoor operative temperature in the 
living room and the mean outdoor temperature according to the adaptive comfort model. Such 
temperature variation implies more comfort hours in the improved case. 
Figure 8 Relationship between indoor operative temperatures of the living room and 
mean outdoor temperatures according to the adaptive comfort model in Managua.
 
Considering one of the hottest days in Managua (May 7th), it is possible to 
observe a reduction of 4.6˚C in the peak operative temperature of one of the main rooms of 
the dwelling (living room). This is equivalent to reducing the number of discomfort hours in 





Figure 9 Living room thermal conditions during one of the hottest days in Managua 
 
 
6.3.2 Sensitivity analysis 
A correlation between the input variables and the average discomfort hours of the four main 
rooms of the dwelling was calculated for each climate. As it can be seen in figure 10, the roof 
solar absorptance is the most influencing parameter in this case study, having a positive 
moderate correlation of 0.64 with discomfort hours. This behaviour is persistent in the five 
climates simulated in this study. As much as the roof solar absorptance increases, the number 
of discomfort hours increases. A more detailed relation between roof solar absorptance and 
the thermal performance of the case study appears in Figure 11a. As it can be seen, the most 
efficient cases tend to have a lower solar absorptance value; however, that relation is not 
linear, because there are other factors that also have a moderate influence in thermal comfort 
such as the roof thermal transmittance and solar heat gain coefficient (SHGC).  
Figure 10 Correlation between input variables and discomfort hours 
 
            Correlation coefficient 
Thermal transmittance of the roof is the second most important parameter on the 
thermal performance of the dwelling analysed in this study. This parameter has a positive 
moderate correlation coefficient of 0.47 with discomfort hours. As much as it increases, the 
Outside air temperature 
Base case (operative temperature) 
Improved case (Operative temperature) 
Comfort boundaries according ASHRAE 55 Adaptive Model 




number of discomfort hours also increases. Figure 11b shows a correlation between this 
variable and the discomfort hours.  
Figure 11 Correlation between a) Roof Solar Absorptance and discomfort annual 
percentage, b) Roof-u-value and discomfort annual percentage 
 
SHGC is the third most important parameter on thermal comfort of this study with 
a positive moderate correlation coefficient of 0.43. Figure 12 presents its relationship with 
discomfort hours.  
Figure 12 Correlation between SHGC and discomfort annual percentage 
 
Other parameters such as the walls solar absorptance and walls transmittance have 
small correlation coefficients (less than 0.3), indicating a weak influence on discomfort hours 
when compared with roof solar absorptance, roof transmittance and SHGC. This behaviour 
was also observed in other climatic conditions analysed in this study, having small variations 




6.3.3 Thermal properties of the most efficient cases. 
Giving that the most important parameters in terms of comfort analysed in this study are 
associated with the roof and glazed surfaces, their values were identified for two groups. A 
first group of cases having less than 20% discomfort hours, and a group of cases having more 
than 30% discomfort hours (Figure13). From this data, is possible to extract valuable 
information about the suitable values that can significantly enhance the thermal performance 
of housing in Nicaragua, as well as the values that should be avoided. A brief description of 
each parameter is presented below. 
Figure 13 Most efficient and least efficient cases 
 
Around 76% of the cases presenting less than 20% discomfort hours have a roof 
solar absorptance equivalent to 0.3. In contrast, most of the cases presenting more than 30% 
discomfort hours have a solar absorptance of 0.7 to 0.8 (Figure14).  
Considering solar heat gain coefficient, in one hand most of the cases having less 
than 20% discomfort hours present values from 0.2 to 0.4 in a model with 7.43% glazed areas, 
on the other hand, the cases presenting more than 30% discomfort hours present values 
between 0.4 and 0.86. It is important to highlight that the influence of a lower solar heat gain 
coefficient has a similar impact than reducing the window-to-wall ratio, though the 





Figure 14 Thermal properties of the most efficient and less efficient cases 
 
 
Roof solar transmittance tend to be lower than 2W/m
2
-K in the cases having less 
than 20% discomfort hours and higher than 2W/m
2
-K in the cases having more than 30% 
discomfort hours (Figure15). 
Figure 15 Thermal properties of the most efficient and less efficient cases 
 
None of those parameters applied solely can warrantee significant improvements 
on thermal performance of housing in such a context, but their combination may reduce 
significantly the number of discomfort hours. The use of low roof solar absorptance equal or 
less than 0.3, a Roof U-value of less than 2W/m2-K and a low solar heat gain coefficient 
equal or less than 0.4, are three cost effective measures having significant influence on 
thermal performance of the case study analysed in this chapter. The solely implementation of 
those three measures can reach annual comfort 80% of the time within 
80% Acceptability limits according to the adaptive comfort model. This occurs in the worst 






This chapter has shown the potential of thermal improvement of a representative dwelling of 
Nicaragua, supported by robust and proven methods based on parametrical simulation using 
cost-effective passive strategies.  
The sensitivity analysis showed that among the parameters analysed, the most 
important ones in terms of comfort are associated with the roof and glazed surfaces. The 
angle of incidence and high levels of solar radiation in tropical latitudes influence this fact.  
In all the climates studied, solar absorptance presented a higher correlation 
coefficient with discomfort hours than the roof u-value. This fact has been largely discussed 
by the scientific community that supports the implementation of cool roof systems in hot 
climates. Solar absorptance has the advantage of reducing solar heat gains without reducing 
heat dissipation.  
None of those parameters applied solely can warrantee significant improvements 
on thermal performance of housing in such a context, but the combination of them may 
reduce significantly the number of discomfort hours. An example of that is the potential 
reduction of 85% of discomfort hours achieved in Managua, which is equivalent in average to 
more than 7 hours of per day. Such a potential reduction varies from 78% to 83% in other 
climates of the Pacific, Central and Atlantic Region of the area in study. This reduction is 
considered significant and cost-effective.  
The solely implementation of a low roof solar absorptance (equal or less than 0.3), 
a Roof U-value of less than 2W/m
2
-K and a low solar heat gain coefficient (equal or less than 
0.4), are three cost-effective measures having significant influence on thermal performance of 
the case study analysed in this chapter. These three measures can reach annual comfort 80% 
of the time within 80% Acceptability limits according to the adaptive comfort model. This 
occurs in the worst case scenarios simulated in Managua. 
Most of the Building Energy Codes tend to consider that technical solutions for 
energy conservation have to be complex; however, this work shows through a simple case the 
huge potential of thermal improvement of housing in such a context by the simple variation of 
parameters involving the thermal properties of the envelope.  
These statements are applicable for a specific geometry, without taking into 
account other variables not discussed in this chapter; however, this is a step towards wider 




dominated climates, fact that transcends this study and should be confirmed with future 
researches. 
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 A PERFORMANCE-BASED PROCEDURE TO SUPPORT VALIDATION 7






Climatic zoning for building energy efficiency applications is an important element in 
building energy policy and regulations. There are several methodologies available to conduct 
climatic zoning, presenting results that are significantly different from each other. Currently, 
there are no procedures or performance indicators to assess the validity of a proposed climatic 
zoning, hindering the decision to use a particular climatic zoning methodology instead of 
others. This scenario put at risk the effectiveness of building energy policies and programs 
based on climatic zoning. In such a context, this chapter proposes a new performance 
indicator and a procedure to support the validation of climatic zoning. The validation 
procedure is mostly based on building performance simulation results representing the 
building stock targeted in the climatic zoning policy or program. The new performance 
indicator (MPMA) is introduced to assess climatic zoning using simulation results and it is 
based on the principle that two areas should belong in the same climatic zoning if building 
performances are similar in both areas, considering a set of archetype buildings. The new 
performance indicator and validation procedure were applied to a case study in Nicaragua, 
using the results of two different climatic zoning methodologies previously reported in 
chapter 5. Simulations for three naturally ventilated residential buildings were conducted 
using the program EnergyPlus for a total of 328 locations in Nicaragua. Results of this case 
study indicate that degree-days provides the best climatic zoning results, (misclassifies 20% 
of the land surface area of Nicaragua), cluster analysis (misclassification of 22% for three–
cluster map and 30% for four–cluster map). This work concludes that climatic zoning results 
obtained using the two tested methodologies have high level of misclassified areas and new 
approaches for climatic zoning are necessary to reduce current levels of misclassification.  
 
Keywords: Climatic zoning, building energy efficiency, cluster analyses, degree-days method. 
 
                                                             




7.1  Introduction 
Climatic zoning is an important tool in building energy policy and regulations. There are 
several available approaches to conduct climatic zoning [1–20]. Choosing between those 
methods has proven to be a hard task, as all methodologies have strengths and deficiencies. A 
recent comparison of three widely used methodologies (degree-days, cluster analysis, and 
administrative divisions) for climatic zoning concluded that they provided different outputs 
for a significant amount of cases. 37% of the territory was classified differently by the three 
methodologies. This comparison (further described in chapter 5) was carried out to Nicaragua, 
a small country in Central America with a relatively moderate climatic variation, and yet it 
was not possible to identify the most adequate methodology. In fact, there is no procedure to 
assess in quantitative terms the validity of climatic zoning for building energy efficiency 
purposes. Such procedure should support the choice for a particular climatic zoning 
methodology, demonstrating that this methodology delivers the set of climatic zones that 
better correspond to the variations in building energy performance or requirements within 
these zones. 
This chapter addresses this need by proposing and testing a performance-based 
procedure to assess the validity of climatic zoning methodologies based on building energy 
simulation results. The use of simulation to drive climatic zoning is growing in recent past 
[2,22], but to date there is no structured procedure to use simulation on assessing the validity 
of climatic zones. The proposed procedure is described in detail on Section 7.2 of this chapter. 
Section 7.2.3 addresses the need for performance indicators to carry out the analysis proposed 
in Section 7.2.1. The procedure and relevant performance indicators are then applied in 
Section 7.3 to assess the validity of climatic zoning options generated in a previous study for 
Nicaragua. Conclusions are summarized in Section 7.4. 
7.2 A procedure to assess the validity of climatic zoning 
Validation is a complex task that has varied meanings in different fields. In the field of 
climatic zoning, no attempt has been done in the past to conduct validation, and climatic 
zoning results were assumed correct and valid under a large number of assumptions adopted 
in their development. This study makes an attempt to quantify the performance of climatic 
zoning results, in order to allow impartial comparison between climatic zoning obtained using 




The rationale adopted here is based on the use of building performance simulation 
results to support the assessment of climatic zoning. For a given building, it is possible to 
conduct simulations considering climatic conditions found in the climatic zones to be tested. 
Such performance data should show distinct features among zones, indicating that a zone is 
indeed significantly different from another. Such distinctive features can be expressed in 
terms of performance indicators for climatic zoning, i.e. measurable quantities used to express 
how different zones are in face of building performance results. These performance indicators 
can take several forms, but in all cases, they shall be used by policymakers to take informed 
decisions about the choice for a particular climatic zoning methodology. This rationale is 
summarized in Table 1 where three stages are defined. Those stages are further discussed in 
Sections 7.2.1, 7.2.2 and 7.2.3. 
Table 1 Stages of the Validation procedure 





Building performance indicators 
Performance simulation program(s) 
Weather data and other boundary conditions 
Perform simulations for all data points in space, for all archetype buildings 
and all Pis (performance indicators) 
Statistical treatment and geo-referencing of building performance results 
Climatic zoning performance indicators 
 
7.2.1 Definition of climatic zone 
Validation assumes a clear understanding of the nature of model, concept or process to be 
validated. A clear definition of climatic zoning is therefore paramount for a successful 
validation. 
A weather-centered definition of climatic zones is usually assumed for most 
climatic zoning methodologies:  
 “in the context of building regulations, climatic zones are 




climatic parameters which affect the heating and cooling energy 
requirements of buildings.” [23]  
Such definition does not connect building performance or requirements with the 
corresponding climatic variation; consequently, this definition is not useful in the context of 
validation. With no information on performance, it is impossible to take an informed decision 
on the level of similarity in the boundary conditions and how assumptions and simplifications 
will affect heating and cooling requirements. Nevertheless, this definition remains true in any 
circumstances and other definitions suggested below are complementary to the previous and 
more general one.  
From an energy performance point of view, climate zone can be defined as 
regions in which, for a set of relevant buildings, performance shows: 
 significant variation between points located in two distinct zones (inter-
zone), 
 small variation in any point of a particular zone and (intra-zone). 
This definition connects climatic variations and building performance, providing 
policymakers with actual variation in energy consumption (or other relevant performance 
indicator) within the zone and among zones. This performance-based definition marks a shift 
in the current understanding of climatic zoning in order to support climatic zone validation. 
Under this definition, climatic zoning can still be carried out with no performance data, e.g. 
using the degree-day method. However, the validity of the resultant climatic zones can only 
be demonstrated if performance data is available for all relevant points in each zone, for a set 
of relevant buildings. Based on this data, policymakers can evaluate the magnitude of 
variation and assess the validity of the resulting climatic zoning.  
7.2.2 Building performance simulation 
The contents of this section are suggested guidelines were kept to the minimum elements 
required to provide the needed building performance data to support climatic zoning 
validation. Items listed in Table 1 are discussed in the paragraphs below. 
Building models representing the building stock in a certain extent are essential to 
validate climatic zoning using the procedure proposed in this chapter. Building stock  
modelling for energy purposes is an active field [24-27] and stock models can be composed of 
a few archetype buildings [28,29] to large models with detailed information for every 
individual building. The procedure to assess the validity of climatic zoning results is 




properly represents real cases in the region subject to climatic zoning. The connection 
between climatic zoning and building stock can be used to create multi-purpose climatic 
zoning (if buildings of various functions are adopted) or to create climatic zoning for niche 
applications (e.g. social housing or high performance offices). At the moment, few countries 
have reliable building stock models for some particular building used and research in stock  
modelling and climatic zoning are expect to evolve in parallel and support each other’s 
development.  
There are several building performance indicators applicable in the context of this 
validation procedure. Building performance is usually taken in terms of annual primary 
energy consumption per square meter (m
2
), but many other performance goals and indicators 
can be adopted in the simulations. Countries with buildings with no heating, ventilation and 
air conditioning (HVAC) can have climatic zoning based on thermal comfort (performance 
goal) which can be expressed by a number of performance indicators, such as hours of 
discomfort above a reference temperature, certain PMV value, limits in adaptive thermal 
comfort methods [30]. Greenhouse gases emissions can also be used a performance indicator 
in cases where multiple sources of energy with different CO2 footprints are available. In 
energy grids close to limit, energy load in peak hours can be used as performance indicator to 
drive climatic zoning. Policymakers must define a priori the goals of climatic zoning and 
adequate performance indicators at building level to evaluate it.  
Building energy performance can be evaluated using many available simulation 
programs. This validation procedure is valid for both simulation programs based on simplified 
compliance calculations [31–33] and programs representing the state-of-the art in  modelling 
[34-40]. In any case, the program should go through validation and be capable of providing 
results for the chosen performance indicator. Due to the massive amount of simulations 
needed in the validation of climatic zoning, it is essential that the simulation program support 
command line entries to allow the automation of the simulations. 
Weather data is a key input data for simulation and for this validation procedure 
[41-43]. Building energy simulation requires hourly data of multiple variables for the 8760 
hours of the year and this sort of information is rarely available for many locations in a certain 
territory/country. Finding high-quality data with large spatial coverage is a major challenge in 
the application of this validation procedure. Interpolated data using weather stations, satellite 
images and other physical models (e.g. Autodesk and meteonorm) can be used when high-




application/location by comparing high-quality data samples with interpolated data for the 
same location.  
This validation procedure requires large amounts of simulations and quality 
assurance so that uncertainties consequently become a key concern. Discussing such quality 
assurance measures and uncertainty quantification is beyond the scope of this chapter, but the 
need for a strategy to check results and minimize error in large simulation sets must be 
stressed. Once simulations are carried out, building performance data can used to assess the 
validity of climatic zoning using adequate metrics, as described in Section 7.2.4. 
Once all simulations have been carried out, building performance data, e.g. energy 
consumption, thermal comfort and CO2 emissions must be plotted in graphs and maps in 
combination with climatic zone boundaries. This allows relating the performance variation of 
certain archetype and the matching zone. These maps provide means for an initial qualitative 
assessment of performance variations within zones and between zones. It is also a quality 
assurance measure as unrealistic results or results with no physical ground can be in many 
cases identified by simple visual inspection. 
7.2.3 A performance indicator to assess the validity of climatic zoning 
The idea of quantifying features and qualities of a given climatic zoning has not been reported 
in the literature and poses challenges as any new research topic. While performance indicators 
are important, it is adequate to clarify that they are not the final element of validation. 
Performance indicator values must be assessed by policymakers which will evaluate if the 
level of accuracy obtained is acceptable of not. The validation procedure described in this 
chapter does not intent to establish what is and is not valid in terms of climatic zoning 
methodology, but rather support informed decision by policymakers using adequate and clear 
performance indicators.  
Before introducing the new performance indicator for climatic zoning proposed in 
this chapter, it is useful to review the nature of building performance data, as the earlier is 
directly dependent on the later.  
Figure 1a shows an example of building performance data obtained for one 
archetype after the building performance post-processing stage. This figure brings 
performance data of identical buildings located in hundreds of points within each zone, 
displayed in a box plot. The scenario depicted in Figure 1a portraits three climatic zones with 
clearly distinctive thermal comfort results for this particular archetype. In this example, the 




criterion) and small variation in side a particular zone (intra-zone criterion). In qualitative 
terms, Figure 1a can be identified as a valid climatic zoning, while Figure1b shows an 
opposite scenario which not be considered valid due to the large overlap of performance 
between zones.  
The example in figure 1 was built to highlight the reasoning linking building 
performance and climatic zoning validation. The reality is usually more complex and a visual 
inspection is not sufficient to validate climatic zoning. Figure 1 shows results for only one 
archetype while actual validation addresses multiple archetypes. Figure 1a shows also an ideal 
scenario rarely found in current climatic zoning that usually resemble Figure 1b. It is therefore 
necessary to extract meaningful performance indicators from data on these boxplots to allow 
an impartial comparison in complex scenarios (multiple archetypes and possible overlap of 
performance between several zones). This performance indicator is described in Sections 
6.2.4. 






7.2.4 Mean percentage of misclassified area 
Inter-zone analysis addresses the differences of performance between zones. In the ideal 
scenario, each zone has a unique climate, which leads to a unique performance, leading to 
minimum overlap in the results obtained in different zones.  
Figure 1a exemplifies a scenario where zones cover different ranges of 
performance and show little overlap, so in principle it is a good climatic zoning. The analysis 
of overlapping performance is better demonstrated using histograms (Figure 2)  to present 
data from zones 1 and 2 of Figure 1b, which in contrast with Figure 1a, presents a significant 
overlap between zones. Such histograms provide deeper understanding of interzone variations 
by showing the frequency of points in space where the archetype has a certain number of 
discomfort hours.  In Figure 2, two situations can be identified: performance bins with no 
overlap between zones and performance bins with overlap. Bins with overlap indicate that this 
particular climatic zoning fails, in these points in space, on defining zones with individual and 
unique characteristics. All points in the overlap area should, in principle, belong to the same 
climatic zone, as they address the same archetype building having exactly the same 
performance. In the bins with overlap, there is a zone with larger frequency considered the 
correct zone for buildings with this performance (identified in the figure with the same solid 
color of bins with no overlap). In the bins with overlap, there is also one or more other zones 
with smaller frequency (hatched bars). The hatched bars in Figure 2a identify the points in 
space that should be classified in the other zone, i.e. as misclassified points in this climatic 
zoning. Misclassified points  are defined as those points where building performance is closer 
to points in another zone than with points within the zone, i.e. points in the territory that 
should be placed in another zone. In Figure 2a, for example, (considering the overlapping 
between zones 1 and 2 of Scenario B depicted in Figure 1b), 11 % of points were 




Figure 2 a) Example of overlapping in frequency distribution of performance in zones 1 
and 2 of Scenario B b) Maps indicating misplaced points and performance distribution 
of Scenario B 
 
For a given archetype, it is possible to calculate the percentage of misplaced 
points for a given set of climatic zones, and from these misplaced points, it is also possible to 
calculate the area of influence in relation to the total area of the country. In that way the 
percentage of area of the territory affected by certain climatic zoning can be identified. In this 
study, this is called the Percentage of Misplaced Area (PMA). If this process is carried out for 
multiple archetypes, it is possible to calculate the Mean Percentage of Misplaced Area 
(MPMA). MPMA is introduced in this section as a performance indicator to support the 
validation of climatic zoning results. Its use is demonstrated in Section 7.3. This may provide 
policymakers with useful information to quantify the impact (i.e. socio-economical) of 
choosing certain climatic zoning methodology instead of other. 
7.3 Case study of climatic zoning in Nicaragua 
7.3.1 Materials and methods 
A tropical country with moderate climatic variations situated in Central America 
(Nicaragua) was chosen for this validation exercise. Three climatic zonings previously 
developed (further described in Chapter 5) were adopted: degree-days method based on 
ASHRAE guidelines (Figure 3a) and cluster analyses using three and four zones (Figure 3b 
and c respectively). Degree-days and cluster analysis were based on weather data for building 
energy simulation from Autodesk Green Building Studio [44]. These data is based on a 
combination of observational data and weather  modelling at a spatial resolution of 




Meteorological Model version 5 (MM5) [46]. In this study, weather files for building energy 
simulation for 328 locations were used. Climatic zonings in Figure 3 have many similarities 
but also present very distinctive features. There are solid arguments to take or refuse each one 
of them as the ideal solution for climatic zoning in Nicaragua (discussed in chapter 5) and the 
validation procedure proposed here can cast light on this complex decision-making problem 
that is currently open.  
Figure 3 Zones based on a) degree-days, b) three–cluster map c) four–cluster map. 
 
Assumptions and settings adopted in building energy simulation carried out for 
this study are described below.  
Three archetype buildings were adopted in this study. The number of archetypes 
was kept small to facilitate the understanding of results by reader, and the validation 
procedure is equally applicable to large amounts of archetypes. Moreover, if a climatic zoning 
proves not to be valid for such small amount of archetypes, it can be expected results will be 
even worse when the entire building stock model is considered. Therefore, conduct an initial 
validation for key archetypes can be useful to identify climatic zoning methodologies with 
very poor results. In this case study, all three archetypes are based on the same geometry, a 
typical dwelling (Figure 4) commonly found in Nicaragua differing in their thermal properties 
in such way that represent the average construction (Archetypes 1 and 2) and a relatively 




Figure 4 Geometry of archetype buildings adopted in this study 
 
Table 1 Thermal properties of the archetypes used in this study 














External walls 3.037 3.037 1.304 
Internal partitions 2.135 2.135 1.156 




External walls 0.8 0.8 0.8 
Roof 0.55 0.55 0.5 
 SHGC 0.8 0.8 0.31 
Residential buildings in Nicaragua often do not have HVAC, therefore energy 
consumption is not a suitable performance indicator in this study. A thermal comfort building 
performance indicator was adopted. The average annual number of discomfort hours of the 
main zones of the building (R1, R2, R3 and living room) was calculated according to 80% 
acceptability limits of the adaptive comfort model indicated in the Standard ASRHAE 55-
2013 [47]. Simulations were conducted using the program EnergyPlus for each of the 328 
locations (the same locations used in the development of climatic zonings in Figure 3). 
Occupancy patterns and internal gains were based on previous studies [48]. Pre and post-
processing were fully automated using MatlabR14. 
Simulation results of each archetype were georeferenced using ArcGIS 10.4. For 
each method, simulation results were coupled to each corresponding climatic zone with Joins 
and relates funtion of ArcGis 10.4. Subsequently, the frequency distribution based on 
performance results was calculated and analysed. Misplaced points of each zone was then 
Thermal properties 




identified and plotted in a map. The area of influence of misplaced points was calculated 
using proximity tools of analysis toolbox of ArcGIS 10.4.  
7.3.2 Results of climatic zoning performance indicators: Mean percentage of misplace 
areas 
The box-plots in figure 5, shows the spread in performance results for a particular building 
(archetype 1) for the 328 locations/climates simulated. These box-plots indicate the minimum, 
median, maximum values and quartiles for performance results used in the analysis for each 
each climatic zoning method for the same building in different locations (and consequently 
climates) throughout the country. A considerable variation in performance can be noticed, 
which justifies the use of climatic zoning as no energy policy could be uniformly applied in 
the whole territory in face of such large variation. 
Climatic zonings based on degree-days and cluster analysis show similar trends, 
with a distinctive performance for each zone and a noticeable overlap in performance among 
them. Based on a visual analysis, it difficult to quantify the overlap of performance between 
zones, i.e. which method better complies with the performance-based definition of climatic 
zoning on Section 7.2.1. It is however clear from Figure 5 that degree-days zones present less 
overlap than three and four–cluster based zones. In cluster-based zoning, there are zones that 
are fully overlapped. 
Figure 5 Boxplot of annual hours of discomfort for archetype 1 in the whole Nicaragua 
using climatic zoning results of different methods.  
 
Overlapping between zones can be further observed in figure 6, where the 




it is possible to identify cases belonging to one zone but having the same performance of 
cases belonging to other zones, also called misplaced points.  
Figure 6 Overlap between zones based on CDD for archetype-1 
 
Figure 7a presents degree-days climatic zones and a map distribution of 
performance results of archetype-1. Figure 7b shows all the misplaced points encountered 
over the Nicaraguan territory for archetype 1 based on CDD climatic zones. These misplaced 
points represent 18.5% of land surface area of Nicaragua and are coincident with hatched bars 
showed in Figure 6. Misplaced areas were quantified for each method and compared. Among 
all the results, degree-days based zoning presented the lowest overlapping and consequently 
the lowest percentage of misplaced area (MPMA 18.5% for archetype 1) and four–cluster 




Figure 7 Performance maps of archetype- 1 and misplaced points 
 
Figure 8 shows the percentage of misplaced area considering simulation results of 
the three archetypes. Cases with better performance tend to present more misplaced areas, as 
the range of performance variation becomes slighter. This performance range reduction 
implies higher overlapping between zones. Regardless of the archetype used, the mean 
percentage of misplaced areas is high in this case study. It varies from 19.7% to 30.1% 
(Figure 9). It means in the best case at least one out of five points in space would be placed in 
the wrong zone according to the concept of climatic zoning described in section 6.2.1. This 
misclassification could have an important impact on building energy efficiency programs 
supported by climatic zoning, particularily in natural ventilated buildings. 
These preliminary results indicate that zones definition based on CDD and Cluster 
analyses using climatic variables as main input data, have no direct relationship with thermal 
performance of the archetypes analysed in this case study. Nevertheless, further studies are 




Figure 8 Percentage of misplaced area for a) degree-days zones, b) three–cluster zones 
and c) four–cluster zone. 
 
 
Figure 9 Mean Percentage of misplaced area for a) degree-days zones, b) three–cluster 









 The proposed performance-based procedure to assess the validity of climatic 
zoning was capable of quantify to which degree climatic zoning and building 
performance agree.  
 A new performance indicator for climatic zoning validation, the Mean 
Percentage of Misplaced Area (MPMA), was proposed and its use was 
demonstrated in the validation of three climatic zoning results. 
 For the case study of Nicaragua and for three archetype residential buildings, 
climatic zoning using degree-days presented a MPMA of 19.7%, i.e. 1 out of 5 
points is wrongly placed in a climatic zone it does not belong. This was the 
best result among the climatic zoning methodologies assessed in this study. 
 The performance-based validation of climatic zoning was able to identify the 
less accurate climatic zoning (four–cluster map) which had the highest MPMA 
– 30.1%.  
 MPMA is considered high for all methods; further research is necessary to 
improve the climatic zoning methodologies. 
 
Climatic zoning for Nicaragua was only used to test the validation procedure and 
is not intended for policymaking activities. Future studies should investigate the application of 
building performance simulation in climatic zoning methodologies. Further investigation on 
performance metrics for climatic zoning is also an important research topic in the validation 
of climatic zoning results. 
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 APPLICATION OF A PERFORMANCE ORIENTED CLIMATIC ZONING 8





Climatic zoning for building energy efficiency applications is an important element in 
building energy policy; however, there is no consensus about the most appropriate 
methodology for its definition. Most methods currently used are based on few parameters, 
leading to an oversimplification and ignoring several aspects that are essential for building 
energy efficiency. In this context, this chapter presents a climatic zoning approach, consisting 
on intensive use of archetypes, building performance simulation and geographic information 
systems to facilitate the development of climatic zoning. Results provide preliminary 
indications of the large potential of this approach to support informed decision making in the 
climatic zoning process.  
 
8.1 Introduction 
Climatic zoning for building energy efficiency application is a key strategy to improve 
thermal performance of buildings. This strategy has been widely implemented all over the 
world since 1949 [1,2]. Today several countries are subject of climatic zoning for analysing 
energy efficiency in buildings; however, there is evidence of the lack of consensus regarding 
the appropriate methodology to conduct its definition. This lack of consensus is noticeable by 
the large number of climatic zoning methodologies, variables and parameters currently 
applied by different countries to define climatic zones [3–19].  
The use of few aspects to defined climatic zones prevails in most countries 
nowadays. According to the Literature review presented in chapter 3, four out of five 
countries used only up to three variables/techniques/parameters to define their climatic zoning 
for building energy efficiency purposes. This reduced number of variables leads to an 
oversimplification that may induce problems in climatic zoning, consequently compromising 
energy policies based on them [21–25].  
One of the most widely used climatic zoning methods is degree-days. This 
approach has been used in more than 24 countries in the world to support climatic zoning 
                                                             
5 Part of this chapter was accepted for publication in the 15th International Conference of the 




definition. The use of degree-days in climatic zoning for building energy efficiency purposes 
is mainly stimulated by its high relation with heating, ventilation and air conditioning 
(HVAC) energy demand in buildings [26]. At the same time it is considered simple to 
calculate due to its reduced input data required. However, this simplicity comes at the cost of 
disregarding several aspects that are important for building energy efficiency calculation. 
The use of degree-days as indicator of energy demand of buildings has been target 
of criticism [21,27]. Those critics highlight limitations that are particularly relevant in tropical 
climates where in many cases buildings have no HVAC systems. Those buildings have a 
stronger interaction with climate when compared with those having HVAC systems and high-
insulated envelopes. In such a context, climatic zoning entails additional challenges, as 
climatic variables such as wind speed; relative humidity and solar radiation play and 
important role in building energy balance [28]. Those variables are not always capture by the 
most used methodologies for climatic zoning nowadays. The inclusion of those variables in 
climatic zoning process is quite complex as these variables interact with several factors in the 
building energy balance [29]. 
More thorough approaches for climatic zoning have been under development in 
recent years [4,30,31]. Such approaches make use of dynamic simulation, parametric analyses 
and computer programming [32] to drive the climatic zoning process, avoiding arbitrary 
decisions based on predefined bins of weather parameters [33]. The application of those 
methods has proven great potential in order to define predictive-based and performance-based 
requirements for building energy efficiency programs [4,34].  
In spite of the importance of climatic zoning related issues and the increasing 
tendency of the use of the simulation in many topics related to the building energy efficiency, 
there is no established framework to use simulation in the climatic zoning process. In such a 
context, this study aims to contribute to develop this topic by means of proposing a novel 
approach, consisting on intensive use of archetypes, building performance simulation and 
Geographic Information System (GIS) to facilitate the development of climatic zoning.  
8.2 Area addressed in this study 
Trends in the growth rate indicate that in 2050 the half of the world population will be living 
in the tropics [35]. Most of the countries situated in this region are in development and 
consequently associated with lack of energy framework for buildings [36–38]. Nicaragua is an 




was chosen for this study. This section briefly describes the Nicaraguan context, in order to 
facilitate the understanding of findings of this chapter.  
Nicaragua is considered as one of the least developed countries in the Americas 
[39] and has the highest housing deficit in the region reaching 78% of its total population of 
6.08 million [40]. This housing deficit can be characterized into both qualitative and 
quantitative dimensions, which means that at least 567 079 of the existing houses need to be 
improved and additional 318 982 houses need to be built in order to fill this gap [40]. In 
addition to this, cities are expanding exponentially as a result of population growth that 
implies that at least 20,000 more new houses are needed to be built every year to meet the 
demand of the population growth.  
In order to overcome those challenges, governmental institutions and private 
entities embarked on a massive production of low cost housing reaching approximately 4% of 
the total deficit during the period of 2007-2011. Most of those new constructions are single-




. These new buildings are designed 
without any thermal comfort criteria and replicated all across the country.  
The climate 
Nicaragua is the largest country of Central America and it is situated in the tropics, between 
12˚ and 15˚ North Latitude and 86˚ and 87˚ West Longitude. It has an extension of 130 000 
km² and it is divided into three administrative regions: the Pacific Region, Central Region and 
Atlantic region. Most of the population lives in the Pacific Region (64%), where the capital, 
Managua, is situated (Figure1). 





Nicaragua has a variety of topography, climates and microclimates, leading to 
different thermal comfort requirements for buildings. According to Köppen-Garcia climate 
classification, the prevailing climate conditions are categorised as warm sub humid (Aw0, 
Aw1, Aw2) and monsoon climate (Am) (a). In the rest of the country, there are microclimates 
presenting particular conditions such as warm semiarid BS1(h')w, tropical rainforest (AM(f)), 
semi-warm sub humid (A(C)W1, A(C)W2), temperate rainforest (C(A)Cam), and A(x'), S(x') 
[41,42]. Table 1 synthesizes the main characteristics of those climate types. 
Table 1 Climatic classification of Nicaragua according Koppen-Garcia [41] 












Aw1 43.2 -55.3 
Aw2 >55.3 
Am 25-26 2000-4000  
A(f ) 25 -27 5000-6000  
BS 1 23-27 650 - 800  
C [(A) Cam] 18 1000-1800  
A(C)W1/ A(C)W2 20-22 1100-1600  
A(x') / S(x') 19-21 1300-1600  
*
 Rainfall Index of Lang. Yearly mean precipitation (mm)/yearly mean temperature (°C) 





8.3 Materials and methods 
The new performance-based framework for climatic zoning was applied to Nicaragua 
following the steps indicated below. First, a definition for climatic zoning was established; 
secondly, a set of archetypes, thermal properties, thermal performance indicators and weather 
data was defined. Data results were geogeferenciated and submitted to a cluster analysis. 
Results are analysed and compared with zones defined based on degree-days method using 
MPMA as climatic zoning performance indicator. Each step is further described below. 
8.3.1 Climatic zoning definition 
From an energy performance point of view, climate zone can be defined as regions in which, 
for a set of relevant buildings, performance show: 
-significant variation between points located in two distinct zones (inter-zone), 
-small variation in any point of a particular zone and (intra-zone). 
This definition allows the establishment of building particular prescriptive and 
performance requirements for buildings located in each region. 
8.3.2 Archetype buildings 
Three archetype buildings were adopted in this study having the same geometry (Figure 3) but 
differing in their thermal properties (the same archetypes used in Chapter 7 for validation 
procedures). The number of archetypes was kept small to facilitate the understanding of 
results by reader. The use of the same archetypes reported in Chapter 7 allows comparing 
performance oriented climatic zoning results with other methodologies previously described 
in this study, particularly with degree-days climatic zoning.  





8.3.3 Building performance indicators 
The annual number of hours of discomfort summed in all the main zones of the building was 
used as performance indicator. Thermal discomfort was calculated using the adaptive comfort 
model according to Standard ASRHAE 55-2013 [45]. Two comfort regions are defined, 80% 
Acceptability and 90% acceptability. For this study, the 80% Acceptability status is 
considered, which means that upper and lower limits of the comfort region are calculated 
according to the next formulas. 
acceptable  operative temperature (to) ranges:  
Upper 80% acceptability limit (°C) = 0.31          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + 21.3       (1) 
Lower 80% acceptability limit (°C) = 0.31          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + 14.3       (2) 
Where: 
to = The allowable indoor operative temperatures calculated as the average of the 
indoor air dry-bulb temperature and the mean radiant temperature of zone inside surfaces. 
          ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  = Mean daily outdoor air temperature. 
Comfort hours were calculated for 24 hours of the day in order to reach a wide 
group of the society that has diverse occupational patterns. In Nicaragua, most of the children 
and elderly people stay at home most of the time. 
 
8.3.4 Weather data and other boundaries conditions 
Weather data quality and coverage vary from country to country, and robust climatic zoning 
methodologies are expected to cope with this variation. The present study is not focused on 
data availability and treatment; therefore, weather was considered a boundary condition of 
this work. The study was conducted using data provided by Autodesk Green Building Studio 
(GBS) [47,48]. GBS weather data was chosen for being capable of providing accurate values 
[49] of several climatic variables, at high temporal and spatial resolution (hourly data for a 
typical year at a spatial resolution of approximately 20km for all over the world). GBS 
weather data is based on a combination of observational data and weather  modelling using 
the Rapid Update Cycle (RUC) [50] and Mesoscale Meteorological Model version 5 (MM5) 
[51]. GBS weather data is available in binary DOE2 format including hourly data of dry bulb 
temperature, dew point temperature, relative humidity, wind speed and direction, direct 




weather data for 328 locations were used in the climatic performance oriented climatic 
zoning.  
8.3.5 Performance simulation program, mapping and clustering 
EnergyPlusV8.4 was used in the simulations and MatlabR14 routines were applied in order to 
make the entire process automatic. Simulation results were post-processed and imported to 
Arcgis10.4 using comma separated values (.CSV) format. Cluster analysis was carried out 
based on simulation results of the three archetypes using the spatial statistic tool from 
Arcgis10.4 [52]. No spatial constraints option was chosen to ensure more accurate clustering 
according to performance results. A three–cluster map was generated. Results were 
interpolated based on inverse distance weighting method (IDW) [53].  
8.3.6 Comparison of results with previous climatic zoning 
Performance oriented climatic zoning was compared with degree-days climatic zoning 
previously defined for Nicaragua. Degree-days climatic zones are defined according to the 
ASHRAE Standard 169-2013 [33]. Further details about this climatic zoning are described in 
chapter 5. The main analysis of this chapter was concerned with the identification of the 
percentage of misplaced areas (PMPA), further described in chapter 7. The frequency 
distribution of performance for each of the three archetypes analised in this study was 
calculated. Examples of one archetype (Archetype 1) are presented showing the percentage of 
misplaced areas, and finally, the MPMA of the three archetypes for both climatic zoning 
methods.  
8.4  Results 
Figure 6 shows both maps, degree-days zoning and performance oriented based on simulation 
results of three archetypes. The number assigned to each zone increases as the discomfort 
decreases, which means that zone 1 is the hottest and 3 the coolest in both maps. As it can be 
noticed, the zoning distribution presents some similarities in both cases, as the most extreme 
hot and less hot weather are located in the same area of the country, but also have certain 
differences, particularly in the less hot region and the Atlantic coast of the country.  
Regions presenting the highest values of cooling degree-days and consequently, 
more discomfort (in red), are located in the Pacific region, where most of the population lives 
(64%). In contrast, the lowest values of cooling degree-days and discomfort hours are 
encountered in the north central and north Atlantic region, which are more humid and present 




climates classifications: 0A, 1A and 2A, numbers indicate the amount of CDD10 and the 
letter (A), the climate type according to precipitation further detailed previous sections 
(Chapter 5).The letter A indicates that Nicaragua is considered a moist climate.  
Figure 4 Comparison of a) CDD climatic zoning and b) Performance oriented 
climatic zoning 
 
Differences between both maps can be further observed in Figure 5, where the 
frequency distribution of performance results for archetype 1 is presented for both, CDD 
climatic zoning and performance oriented climatic zoning. In these histograms, is possible to 
have a deeper understanding of the relationship between climatic zones and thermal 
performance of a natural ventilated dwelling in Nicaragua. Hatch bars represent the misplaced 
points, that is to say, points belonging to one zone but having simulation results of another 
zone. As it can be noticed, in CDD climatic zones (Figure 5a), there is overlapping between 
all the zones, in contrast, performance oriented climatic zones (Figure 5b) presents a reduced 






Figure 5 Frequency distribution of archetype 1 for a) CDD climatic zoning and b) 
performance oriented zones 
 
The area of influence of these misplaced points is showed in figure 6. As it can be 
noticed results of misplaced areas of archetype 1 are significantly different in both maps.  The 
PMA varies from 18.5% in CDD climatic zoning to 2% in performance oriented climatic 




Figure 6 Misplaced areas distribution according to a) CDD and b) performance oriented 
climatic zones 
 
By calculating the misplaced areas of the remaining two archetypes, it was 
possible to calculate the Mean Percentage of Misplaced Area for each method. Results 
depicted in Figure 7, indicate that CDD climatic zoning (the method presenting the best 
performance in Chapter 7) can be significantly overcome by the new approach introduced in 
this chapter. The PMPA of CDD climatic zoning is reduced by a factor of three (from 19.7% 
to 6%) using performance oriented climatic zones based on cluster analyses of performance 
simulation results (Figure 8). It is important to emphasize that these results show preliminary 
indications of the large potential of this approach to support informed decision making in the 
climatic zoning process, and further research is necessary by increasing the number of 
archetypes representing a building stock target in the climatic zoning process and defining 
strategies for transitional areas between two different zones. 





Figure 8 MPMA for a) CDD and b) Performance oriented zones 
 
8.5 Conclusion 
With the use of simulation, cluster analyses and GIS, it was possible to make a connection 
between several aspects relevant for the definition of climatic zones for building energy 
efficiency applications. For instance, weather data, thermal properties of the building 
envelope and thermal performance targets. Those aspects can be defined according to local 
needs and extended to other archetypes and thermal properties of buildings.  
Comparison results between degree-days climatic zoning and performance 
oriented climatic zoning indicate that degree-days approach do not illustrate a clear 
relationship between climate and thermal performance of naturally ventilated buildings in 
Nicaraguan context. Further research is needed to deal with these limitations.  
Results also provided preliminary indications of the large potential of this 
approach to support informed decision making in the climatic zoning process. Future studies 
should further extend this approach, preferably by diversifying the buildings in analysis and 







A complexa relação entre o clima e o ambiente construído nem sempre é abrangida nos 
métodos de zoneamento bioclimáticos hoje existentes. Uma revisão de literatura sobre este 
tema revela que prevalece a definição de zoneamento centrada no clima. Esta definição é, na 
maioria dos casos, reduzida a poucas variáveis, o que pode muitas vezes comprometer a 
eficácia de regulações térmicas derivadas de tais zoneamentos. 
As limitações dos métodos de zoneamento existentes são particularmente 
relevantes em países de climas tropicais, onde uma parte importante dos edifícios carece de 
sistemas de condicionamento ambiental ativo, sendo ventilada naturalmente. Nesse contexto, 
o zoneamento bioclimático poderia se basear em soluções passivas de condicionamento 
ambiental e conseqüentemente no conforto térmico, mais do que na eficiência energética de 
edificações. As zonas climáticas para conforto em edifícios passivos serão certamente 
diferentes dos zoneamentos baseados em indicadores de eficiência energética, já que os 
primeiros dependerão fortemente de variáveis climáticas, tais como o vento para ventilação 
natural. Esta diferença para um zoneamento bioclimático focado no conforto implica no uso 
de diferentes indicadores de desempenho, alterando substancialmente as abordagens de 
zoneamento bioclimático comumente usadas. Aliás, prevê-se que os futuros edifícios sejam 
mais complexos devido à incorporação de novas tecnologias, tais como sistemas de energias 
renováveis, entre outros. 
Nesse cenário de complexidade, nas últimas décadas surgiram novas abordagens 
que combinam a programação computacional e métodos de simulação paramétrica para 
edificações. Esses métodos permitem a análise simultânea de vários parâmetros por meio de 
seqüências numéricas, atingindo soluções aprimoradas de acordo com critérios 
preestabelecidos. A aplicação desses métodos é amplamente relatada na literatura e tem 
demonstrado grande potencial para definir normas de eficiência energética de edificações. Em 
relação ao zoneamento bioclimático, existem poucos exemplos na literatura, como o caso de 
Marrocos, onde a simulação energética de edifícios e as análises paramétricas foram utilizadas 
para definir tanto as zonas climáticas quanto as medidas de conservação de energia para 
diferentes tipologias arquitetônicas (residenciais, comerciais, etc.). Com o uso dessas 
ferramentas, estimou-se reduções de até 76% na demanda de energia de sistemas de 
condicionamento ambiental ativo para edifícios com a implementação da regulação térmica 




Apesar desses progressos, não há um marco estabelecido para validar ou 
implementar o uso da simulação no processo de zoneamento bioclimático. Esta falta de 
métodos dificulta a  seleção de metodologias de zoneamento bioclimático mais adequadas 
para cada caso. Um exemplo é a comparação de três metodologias frequentemente utilizadas 
para definir zonas climáticas e apresentadas no capítulo 4 deste estudo (método de graus-dia, 
análise de agrupamentos e divisões administrativas). Nesse capítulo, foi demonstrado que 
mesmo para um país com variações climáticas reduzidas, essas três metodologias discordam 
na classificação de uma parcela significativa do país (37% do território), sendo difícil concluir 
qual metodologia é mais apropriada para a Nicarágua. 
Foi então que surgiu a necessidade de propor uma abordagem diferente, baseada 
no uso intensivo de arquétipos, simulação termo-energética e sistemas de informação 
geográfica para facilitar o desenvolvimento e validação do zoneamento bioclimático. Os 
resultados obtidos com esta abordagem proporcionam informação objetiva sobre a variação 
do consumo de energia ou desempenho térmico dentro de uma zona ou entre zonas. O 
procedimento de validação descrito neste estudo não tem a intenção de estabelecer o que é ou 
não é válido em termos de metodologia de zoneamento bioclimático, mas sim apoiar a  
seleção de métodos mais apropriados usando indicadores de desempenho adequados a cada 
realidade. 
Os resultados obtidos com a aplicação deste método de validação a um estudo de 
caso (Nicarágua) proporcionaram resultados quantitativos que permitem uma comparação 
imparcial dos zoneamentos bioclimáticos obtidos utilizando diferentes metodologias e, 
finalmente, escolher aquela que melhor representa a relação entre os vários aspectos 
relevantes para a criação de normas ou programas de eficiência energética.  
Também foi possível obter indicações preliminares do grande potencial dessa 
abordagem para definir o zoneamento bioclimático para a Nicarágua. As zonas climáticas 
orientadas pelo desempenho, baseadas em resultados de simulação, agrupamento de dados e 
informação geográfica, apresentaram resultados significativamente melhores do que a 
abordagem graus-dia, de acordo com o procedimento de validação proposto neste estudo. 
Estudos futuros devem ampliar ainda mais esta abordagem, com um número maior de 






O zoneamento bioclimático para edificações é um tema relevante no panorama 
energético mundial. Apesar disso, não há consenso sobre o método mais apropriado. O estudo 
apresentado destinou-se a investigar este tema com a finalidade de propor um método de 
validação de zoneamento bioclimático com base no desempenho térmico de edificações capaz 
de estabelecer uma conexão clara entre zoneamento bioclimático, desempenho e clima. A 
pesquisa partiu de uma revisão exaustiva de métodos de zoneamentos bioclimáticos usados no 
mundo, seguida de uma análise comparativa de três métodos usualmente aplicados por meio 
de um estudo de caso. Cada etapa subseqüente da pesquisa apresenta uma fase necessária para 
definir um método de validação de zoneamento e indicações preliminares do potencial do uso 
da simulação computacional na definição de zonas bioclimáticas.  
No Capítulo 3, o qual apresenta uma revisão da literatura, foi possível constatar 
que: 
 Aproximadamente 70% da superfície terrestre é objeto de zoneamento 
bioclimático. Essa região é responsável por aproximadamente 85% do 
consumo energético mundial. Estes dados salientam a importância do 
zoneamento bioclimático no panorama energético mundial. 
 A definição de número e área de zonas bioclimáticas não está diretamente 
vinculada às variações climáticas, senão à simplicidade do zoneamento 
bioclimático. 
 Quatro de cada cinco casos analisados neste estudo usam até três 
indicadores/variáveis/parâmetros na definição de zonas bipclimáticas. Tal 
prática pode conduzir a simplificações, comprometendo, por exemplo, as 
políticas de eficiência energética derivadas de tais zoneamentos. 
 A maioria das propostas de zoneamento bioclimático está relacionada a 
normas de eficiência energética baseadas em abordagens prescritivas e de 
desempenho (86%). 
 Nesse estudo não foi possível identificar um método de zoneamento 
bioclimático amplamente aceito pela comunidade científica, o que indica a 
necessidade de mais pesquisas nesse tema. 
 Das técnicas identificadas no presente estudo, somente a combinação da 
simulação termo-energética e o agrupamento de dados parece fornecer 




desempenho de edificações. Essas ferramentas não conduzem 
necessariamente a um melhor zoneamento bioclimático, mas sim fornecem 
os meios para explorar cenários e apoiar a tomada de decisões no âmbito 
de políticas energéticas de edificações.  
No Capítulo 5, apresentou-se uma análise comparativa de três métodos de 
zoneamento bioclimático amplamente usados na atualidade (cálculo de graus-dia, 
agrupamento de dados e divisões administrativas). Estes foram aplicados a um estudo de caso 
em clima tropical (Nicarágua). Os resultados mostram que: 
Os três métodos diferem na classificação de 37% do território da 
Nicarágua, indicando que, mesmo para um país pequeno com variações 
climáticas moderadas, a seleção do método tem impacto significativo nos 
resultados.  
O zoneamento bioclimático puramente focado em dados meteorológicos é 
baseado em definições arbitrárias de número de zonas e limite entre zonas. 
Não há evidência de que os requisitos térmicos de edificações ou de 
desempenho sejam homogêneos em cada zona ou significativamente 
diferentes entre zonas.  
Não existem métodos de validação de zoneamento bioclimático. 
Estas conclusões levaram a propor um método de validação de 
zoneamento baseado no uso da simulação, sistemas de informação 
geográfica e análise paramétrica. Essa proposta é composta por duas 
etapas. Uma primeira etapa de exploração do potencial para a otimização 
do desempenho térmico de residências em clima tropical fazendo uso da 
simulação e análise paramétrica (Capítulo 6). Uma segunda etapa para 
definição do método de validação de zoneamento bioclimático é 
apresentada no Capítulo 7. 
No capítulo 6, foram feitas as seguintes constatações: 
No estudo de caso analisado os parâmetros térmicos da envoltória de 
maior influência no desempenho térmico são: a transmitância térmica e 
absortância solar da cobertura, e o fator de ganho solar das áreas 
envidraçadas.  
A combinação de parâmetros baseada em materiais disponíveis 




até 85% do ano. Essa redução de desconforto equivale a mais de 7 horas 
por dia, o que se considera bastante significativo.  
A partir desse estudo, foi também possível identificar combinações de parâmetros 
de melhor ou pior desempenho. Desse capítulo, foram extraídos modelos de habitação, 
representando o caso de base e um caso melhorado. Estes foram simulados e utilizados na 
etapa de validação de zoneamento bioclimático.  
No capítulo 7, foi proposto um método de validação de zoneamento bioclimático baseado na 
simulação e sistemas de informação geográfica. Os resultados da análise comparativa de 
métodos de zoneamento apresentados no capítulo 5 e os arquétipos de habitações de interesse 
social apresentados no capítulo 6 foram usados para fazer uma demonstração do método 
proposto. Nesse capítulo foi possível propor e aplicar um novo indicador de desempenho do 
ZoneamentoMPMA-Mean percentage of misclassified áreas (Percentagem média de áreas 
classificadas incorretamente). As principais conclusões deste capítulo são: 
 O indicador de desempenho do Zoneamento proposto (MPMA) foi capaz 
de estabelecer uma conexão clara entre zoneamento bioclimático, 
desempenho e clima. 
 Dos três zoneamentos avaliados, aquele baseado no cálculo de graus-dia 
apresentou a menor percentagem de áreas classificadas incorretamente e 
conseqüentemente o melhor desempenho.  
 Apesar disso, as áreas classificadas incorretamente são significativamente 
altas, já que pelo menos um de cada cinco pontos estaria na zona incorreta 
de acordo com o desempenho.  
 Tais resultados variam de 20% até 30% de MPMA, sendo que o mapa 
baseado em agrupamento de dados e dividido em quatro zonas mostrou o 
pior desempenho. 
A seguir foi introduzido um método de zoneamento bioclimático baseado na 
simulação, sistemas de informação geográfica e agrupamento de dados. Os resultados desta 
proposta preliminar mostraram significativamente melhor resultado em termos de MPMA que 
o melhor dos casos apresentados no capítulo 7 (o cálculo de graus-dia). Nesse capítulo foi 
possível constatar o seguinte: 
 A percentagem de áreas classificadas erroneamente passou de 20% (no 
caso zoneamento de graus dias) a 6% (no mapa baseado no desempenho) 




 Estes resultados preliminares mostram um grande potencial do uso da 
simulação e análise paramétrica em combinação com agrupamento de 
dados e sistemas de informação geográfica para a definição de zoneamento 
bioclimático.  
 
Sugestões sobre estudos futuros 
A validação de zoneamento bioclimático é uma questão complexa e desafiadora que deve ser 
aprofundada. Os resultados deste estudo sugerem alguns possíveis desdobramentos como a 
seguir: 
 Aprofundar este estudo por meio do uso de outras tipologias arquitetônicas 
e maior número de estudos de caso (climas e indicadores de desempenho 
diversos) 
 Identificar critérios para determinar a faixa de variação de desempenho 
aceitável dentro de cada zona bioclimática e o número ideal de zonas. 
 Pesquisar sobre as áreas de transição entre as zonas bioclimáticas para 
determinar limites entre zonas. 
 Investigar a aplicação de índices de conforto na definição de zonas 
bioclimáticas que envolvam outras variáveis climáticas importantes para o 
desempenho térmico de edificações, as quais comumente não são 
abrangidas.  
Algumas recomendações derivadas dessa pesquisa são as seguintes: 
 A definição de zoneamento bioclimático e requisitos térmicos ou 
energéticos deve ser tratada como um processo integral para se obter 
resultados mais precisos. 
 As incertezas e controle de qualidade são temas que devem ser 
considerados no processo de definição de zonas bioclimáticas. 
 Os modelos de conforto que existem hoje apresentam certas limitações que 
devem ser superadas, particularmente em climas quentes e úmidos onde a 
umidade relativa tem um papel fundamental na percepção do conforto e 
conseqüentemente no consumo energético de sistemas de ar condicionado. 





 Também deve ser levado em conta que a ventilação natural é fundamental 
na definição de estratégias de condicionamento ambiental e sua 
modelagem apresenta certa complexidade que não deve ser ignorada. 
 É importante também levar em conta os efeitos da radiação solar no 
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